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ABSTRACT
Evaluating Hydraulic Conductivity of 
Desert Soils at the Amargosa Desert 
Research Site near Beatty, NV
by
Jon Woodrow Wilson
Dr. Zhongbo Yu, Examination Committee Chair 
Associate Professor of Hydrogeology 
University of Nevada, Las Vegas
This study tested predictive equations of unsaturated hydraulic conductivity. 
Quarterly measurements of water-content measured over 12 years were collected from 
six sites at the Amargosa Desert Research Site (ADRS) located within northern 
Amargosa Desert, Nevada. ADRS Soils consist of unconsolidated to weakly indurated 
deposits of early Pliocene and Quaternary age alluvial-fans; fluvial and freshwater 
deposits.
Descriptive statistics and soil properties provide input for method evaluation. 
Methods include those by Green and Corey (1971), and van Genuchten (1980). Resulting 
graphical comparisons, for both methods, suggests a good and poor correlation in trench 
and native devegetated sites, respectively. Conductivity values differing by 10 ̂  and 10’ to 
10’ were consistently noted in trench-fill and native non-vegetation sites, respectively. 
Previously published conductivity values are similar to values obtained from the trench- 
fill sites. At sites in native devegetated soils, lack of consistency between methods is 
evident; however, values obtained do fall within previous study limits.
11
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CHAPTER 1
INTRODUCTION
In regions considered for burial of hazardous waste, water migration in the vadose 
or unsaturated zone has become increasingly critical to water resources management. The 
burial of hazardous waste in arid regions is assumed to be ideal due to the lack of natural 
features that would promote migration of waste materials in soils (e.g., Winograd, 1981; 
Reith and Thomson, 1992). Natural factors that would suggest a propensity for movement 
of water (i.e., intense rainfall, large pore space, antecedent water content, low 
évapotranspiration, shallow water-table, and potential for intensive rainfall runoff) are 
expected to enhance the migration of hazardous materials through the unsaturated zone. 
These natural features are not evident in arid regions, thus such regions are believed to be 
ideal for long-term storage of waste.
Water movement through soils in arid regions is dependant upon liquid or vapor 
flow in response to matric suction, temperature gradients, and gravity. Furthermore, 
water movement in the vapor phase is likely the transport mechanism in areas dominated 
by, thick layers of unsaturated soils, little rainfall, high évapotranspiration, and infrequent 
surface-water runoff. Therefore, understanding the processes by which water passes 
through the vadose zone is critical to the evaluation and selection of burial sites.
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Attempts to identify water movement in the unsaturated zone have taken on many 
forms. For example, estimates from tracer techniques are increasingly being used to 
evaluate long-term flow processes in arid environments (Allison et al., 1994; Phillips 
1994; Prudic, 1994; Scanlon, 1992). These processes, once applied to analytical models, 
have been developed for soils under the near to fully saturated range, but are unsuitable 
for applications in which low soil moisture is important.
Rossi and Nimmo (1994) developed an analytical model that describes water 
retention across the full range of soil moisture conditions within the unsaturated zone. 
This two-parameter junction model fits the entire range of moisture content from 
saturation to oven dryness in a practical and physically realistic way with smooth, 
continuous functions that have few parameters. This model was used by Andraski (1996) 
to characterize soil-water retention of samples from undisturbed and simulated waste-site 
conditions at the Amargosa Desert Research Site (ADRS). Soil descriptions and 
hydrogeologic properties of disturbed and undisturbed soils were statistically evaluated to 
obtain parameters for the Rossi-Nimmo model. Andraski (1996) noted that measured 
water-retention values compared well with those predicted by the Rossi-Nimmo model. 
As a check, field suction values and model derived suction values were also compared. 
Model-derived water-retention data and suction values proved consistent with the field 
measured water-retention data (Andraski, 1996).
Andraski ( 1996) concluded that water-retention analyses at the ADRS were based 
upon the statistical mean of the measured data. Uncertainties in the results are reflected 
by the variation in the water-retention data that stem from measured soil properties, 
uncertainties in measurements, and spatial variability.
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In southern Nevada, thick zones of unsaturated soils, low annual rainfall, soils 
that impede the downward percolation of water, and relatively high temperatures that 
promote evaporation, clearly influence decisions to install long-term storage facilities. 
Understanding the hydrologie properties of soils in southern Nevada is therefore 
important to the potential utilization of land for waste burial. Further, understanding the 
hydrologie components that describe migration of water through desert soils will benefit 
additional studies dealing with fate and transport of other potential contaminants (i.e., 
septic tank leach fields, oil and gas tank storage, etc.).
Hydraulic conductivity which is described as the rate that a soil allows water to 
migrate is useful in calculations that predict values of distance and time of water 
movement through soil, and therefore transport of materials dissolved in water. This 
values is affected by several parameters that include; volumetric-water content, matric 
potential, hydraulic gradient, permeability, and area.
This study statistically examined temporal changes in field-collected volumetric- 
water content data from the ADRS in southern Nevada, and presents an evaluation of 
hydraulic conductivity values from methods outlined by Green and Corey (1971), van 
Genuchten (1980), and Fredlund et al. (1994). Variations in volumetric-water content, 
collected at differing depths within the soil stratigraphy, are evaluated to provide 
temporal and spatial hydraulic conductivity values.
This study is significant because the analysis uses field collected data to help 
refine values of hydraulic conductivity in the unsaturated zone and enhances the 
understanding of the rate at which water moves through the soil at the ADRS.
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Purpose and Objectives 
The purpose of this study is to evaluate long-term volumetric-water content data 
and computed hydraulic conductivity in the unsaturated zone in desert soils. Additionally, 
this study will describe how computed hydraulic conductivity values compare among 
differing data collection sites. Furthermore, an evaluation of three methods that calculate 
hydraulic conductivity and their ability to predict hydraulic conductivity over multiple 
years is also outlined. The additional gain from this study is the better understanding of 
how presumed method estimates may be enhanced by field-measured data and how 
climatic change that impacts water infiltration in desert soils is evaluated. The improved 
estimates of hydraulic parameters may improve the simulation and prediction of water 
movement and solute transport in the unsaturated desert soils and the risk assessment in 
the waste disposal sites in desert regions.
The objectives of this study are to (1) evaluate differences in hydraulic 
conductivity at three experimental sites at the ADRS; and (2) compare three functions 
used to predict hydraulic conductivity values.
Variations in the volumetric-water content (or soil moisture) data are believed to 
be the result of climatic changes. Therefore, computed hydraulic conductivities are 
representative of soils at the ADRS that have been subjected to a range of climate- 
induced wetted conditions. The comparison between laboratory derived hydraulic 
conductivity (Mehuys et al., 1975; Nimmo et al., 1992; Mehta et al., 1994) and calculated 
hydraulic conductivity (based on field collected soil-moisture data from this study) 
reduce predicted uncertainties from previous model analysis (Andraski, 1997).
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Study Elements
Data collected for this study consist of quarterly measurements of volumetric- 
water content data taken over a 12 year time period. This study was broken down into six 
primary work elements. These elements are outlined in the following:
1. Compile and sort existing volumetric-water content data from sites within 
the ADRS.
2. Evaluate hydrologie properties of soil layers from existing sources and 
statistically compile volumetric-water content data as related to soil layers.
3. Mathematically evaluate volumetric-water content data to obtain the 
statistical mean volumetric-water content for the period of record (FOR) 
and yearly.
4. Determine hydraulic conductivity values for mean volumetric-water 
content data using methods outlined by Green and Corey (1971), van 
Genuchten (1980), and Fredlund et al. (1994), and outline results for both 
FOR and yearly.
5. Compare the computed hydraulic conductivity values obtained from 
differing methods stated above.
6. Explain the validity of the results and how they relate to the movement of 
water through the vadose zone.
Approach
The study elements mentioned above are accomplished using the following 
approach:
1. Volumetric-water content data from six shallow holes, representing three 
differing subsurface environments are compiled, and sorted. Volumetric-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
water content data are further sorted by depth of collection. Depth of 
collection consisted of 0.15 meters below land surface, and at 21 
additional intervals of 0.25 meters below land surface from a depth of 0.25 
meters to 5.25 meters. Historical volumetric-water content data were 
provided by Andraski (written communication, 2000), and a field effort 
was undertaken by the author to collect two years (resulting in eight 
quarterly measurements) of water-content data from the study area. Soil 
property, soil description and hydrogeologic data were provided by 
Andraski (1996), and Blakey et al. (2000).
2. FOR and yearly mean volumetric-water content values are computed and 
sorted according to representative site and soil layer.
3. Depth dependant volumetric-water content data are statistically evaluated 
to obtain mean values, for each depth interval in all six shallow holes, and 
grouped to describe the mean FOR and a yearly mean value. Graphical 
evaluations of the statistical values are also generated. Values are then 
grouped according to representative soil layers.
4. Hydraulic conductivity is determined for individual values of volumetric- 
water content through predictive methods mentioned above.
5. Interpretation is developed through the comparison of hydraulic 
conductivity values, and their relationship to conditions thought to exist in 
desert environments.
6. Summarize interpreted differences between calculated hydraulic 
conductivity values.
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CHAPTER 2
AMARGOSA DESERT RESEARCH SITE
The United States Geological Survey (USGS) established and maintains the 
Amargosa Desert Research Site (ADRS) for the purpose of evaluating water movement 
through the unsaturated zone in desert environments. The ADRS near Beatty, Nevada is 
adjacent to the first low-level radioactive waste facility operated in the United States. The 
ADRS is in the Amargosa Desert, about 17 km southeast of Beatty, Nevada, and 20 km 
east of Death Valley National Park at approximately 915 m elevation (Figure 2-1). The 
waste-burial site, which has been in operation since 1962, was used for the burial of low- 
level radioactive waste (1962-1992), and hazardous chemical waste (1970-present) in 
trenches ranging 1 m to 90 m wide, 2 m to 15 m deep, and 100 m to 250 m long.
Studies at the ADRS began in 1976 to evaluate water movement in arid 
environments. Since 1983, the USGS maintains field areas and experimental sites 
established to represent native devegetated- and disturbed-surface conditions. Three 
disturbed simulated trench sites, established in 1987, allow study of arid-site processes 
under simulated waste-burial and devegetated-surface conditions (Andraski, 1990). A 
neutron-moisture probe is used to measure water content to a maximum depth of 5.5 m at 
these sites.
Since it inception, investigations at the ADRS have provided long-term 
benchmark information about the hydraulic characteristics and soil-water movement for
7
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Figure 2-1 -  Map showing study area, and surrounding area.
both natural-site conditions and simulated waste-site conditions in an arid environment 
(information at http://nevada.usgs.gov/adrs/). Principle parameters collected at the ADRS 
consists of évapotranspiration parameters, soil properties, volumetric-water content, and 
micro-meteorological data.
Phvsiographic Setting 
The Amargosa Desert Research Site (ADRS) is located within the Amargosa 
Desert, which is a northwest-trending valley about 13 kilometers wide. The valley is
8
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bounded on the northeast by Bare Mountain and on the southwest by the Grapevine 
Mountains and the Funeral Mountains. The head of the valley is formed by the Bullfrog 
Hills, and the desert extends from this area about 80 kilometers southeast to the Spring 
Mountains and about 80 to 90 kilometers south-southeast to the Green Water and Resting 
Spring Ranges (Nichols, 1987). The altitude of the valley floor decreases from about 
1,100 meters above sea level in the northwest to nearly 600 meters at the southeastern 
edge near Death Valley Junction.
The valley floor is sparsely vegetated, and transected by dry washes that trend to 
the southeast. These shallow dry washes create a gently surging land-surface that breaks 
the apparent flatness of the valley floor.
Annual precipitation during 1981-1992 and 1998-2000 averaged 108 mm and 118 
mm respectively ranging from 14 mm during 1989 to 225 mm during 1983 (Andraski, 
1997; Johnson et al., 2002). Average air temperatures range from 3"C in December 
months to 33°C in July (Andraski, 1996).
Previous Investigations 
Previous investigations developed to describe water flow and transport processes 
in the vadose zone and below the water table, encompass several studies that describe 
geology, hydrology, hydrogeochemistry, and soil properties for this study area. Initial 
investigations into the geologic and hydrologie characteristics of the region surrounding 
the ADRS are documented by Clebsch (1968). This study focused on the operation of 
commercial facilities and the suitability for land burial of solid radioactive wastes in the 
Amargosa Desert. The ADRS itself was established in 1983 through agreements between 
the Bureau of Land Management, the State of Nevada, and the U.S. Geological Survey. 
The geographic setting of the ADRS is further described by Nichols (1987), who
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concluded that downward moisture movement through the waste-trench-fill material 
could have penetrated as much as 6 m below land surface, but that the moisture 
requirement for such penetration far exceeded the amount of moisture actually available. 
Additional soil properties and soil water interactions at the ADRS are documented in 
Andraski (1988), Beutner and Andraski (1989), and Prudic and Dennehy (1990). 
Micrometeorological and climate data are consistently collected and documented in 
several reports (Wood and Fischer (1991 & 1992); Wood et al. (1992); Wood and 
Andraski (1992 & 1995); Wood (1996); and Johnson et al. (2002)). Precipitation, net 
radiation, wind speed and direction, and air temperature are consecutively collected and 
reported. Additionally, estimates of water movement through the vadose zone, which 
include numerical modeling and statistical evaluations of previously collected data, are 
documented in Andraski (1996), Andraski (2001), Mayers et al. (2002), and Mayers 
(2003).
Geologic Setting
The Amargosa Desert is located in the Basin and Range Province and is typified 
by geologic structures and rock types associated with this region. The Amargosa Desert is 
located in a valley bounded by mountain ranges composed of lower Paleozoic carbonate, 
clastic sedimentary rocks, and metasedimentary rocks, and early Pliocene volcanic rocks 
(Cornall, 1972; Nichols, 1987; Blakely et al., 2000). These exposures underlie parts of 
the alluvial basins, and contribute the detritus for the early Pliocene and Quaternary age 
alluvial and fluvial deposits in the valley.
Soil Properties
The Amargosa Desert is underlain by unconsolidated to weakly indurated deposits 
of early Pliocene and Quaternary age that includes alluvial-fan, fluvial, and freshwater
10
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deposits (Nichols, 1987). Nichols (1987) further describes basin sediments as deposited 
principally by down-valley surface-water resulting in the formation of alluvial fans. The 
resulting fluvial deposits are described as a mix of sand and gravel with less dominant 
layers of volcanic gravel, quartzite and schist.
The heterogeneity of the soils in the Amargosa Desert and associated ADRS 
prohibits a specific description that represents all soils at depth. Therefore, for the 
purposes of this study, soils at the ADRS described herein are collected from fenced off 
areas of undisturbed soils, as well as disturbed soils consisting of overturned sediments at 
depths of up to 5 m.
In undisturbed areas, soil textures from 0-1 m are primarily loamy sand, from 1-2 
m gravelly coarse sand, and from 2-5.5 m, gravelly coarse sandy loam (Andraski, 1996; 
Andraski, 1997). Descriptive statistics for physical properties of the soil, within the study 
area, were used to define: bulk density, gravimetric water content, particle-size 
distribution, rock-fragment bulk density, rock-fragment particle density, and porosity for 
5 principle layers noted by Andraski (1996). These 5 layers are representative of the 3 
soil types in that layer 3 and 5 are separated by gravelly coarse sandy loam with minor 
amounts of clay (Table 2-1).
These values were used to implement a numerical model, and describe the 
variability of the physical and hydraulic properties of the native soil and trench fill areas 
in the study area (Andraski, 1996; Andraski, 1997). Results of the analysis by Andraski 
(1996) showed that the native soil and the trench fill could be represented by three major 
horizontal components (low suction values, low water retention, and hydraulic 
conductivities consistent with existing literature values) and by increased vapor flow 
through lack of textural discontinuity.
11
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Table 2-1 -  Table showing 3 soil types as distributed in 5 layers.
Layer Soil Type
1 loamy sand
2 gravelly coarse sand
3 gravelly coarse sandy loam
4 gravelly coarse sandy loam, 18.3% clay
5 gravelly coarse sandy loam
Modeled Soil Lavers
Andraski (1996) further breaks soil layers into 5 zones identified as Layers 1 
(surface) to 5 (deepest). Layers are broken down to approximately 1 meter thickness per 
zone. These zones are altered during trench construction that is done to simulate waste 
burial conditions. Layers of soil and relation to data collection depths are presented in 
Figure 2-3.
Hvdrologic Setting
The ADRS is located in the Amargosa River drainage basin. Surface-water runoff 
in this region only occurs during intense precipitation events, with flows terminating in 
the southern end of Death Valley (Nichols, 1987).
Precipitation in the study area averages less than 10 cm per year. As a result 
recharge to the underlying water-table is uncertain, and not believed to occur in the basin- 
fill material (Stonestrom et al., 2003). Climate at the ADRS (as defined in this study) is 
indicative of long-term trends in precipitation. Annual rainfall for the period of record
12
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analyzed (1990 to 2002) indicates above normal precipitation in relation to the mean 
precipitation for the period from 1900 to 2002. Cumulative departure curves for this time 
period provide insight to v^et vs. dry cycles by displaying departures from mean 
precipitation. Positive (greater than 0) trends indicated a wetter climate, while negative 
(less than 0) indicate dry periods. Cumulative departure curves, for data collected by the 
Western Regional Climate Center, in southern Nevada, show relatively wet years after 
1992 averaging about 1 cm above normal, except for a period in 1997 when rainfall 
amounts dropped to normal and below normal, and post 2001 when precipitation began to 
decline in volume (Figure 2-4).
Ground-water below the ADRS resides in a basin-fill aquifer and a Paleozoic 
carbonate-rock aquifer (Nichols, 1987). Flow through these systems is interpreted to 
move southwest, to discharge points in Ash Meadows and Death Valley.
The unsaturated zone below the ADRS consists of thin layers (< 2 meters thick) 
of moderately sorted sand and gravel separated by thin layers of sand and sandy silt.
These poorly sorted alluvial sediments are approximately 100 meters thick. A layer of 
volcanic ash from a caldera eruption in the Yellowstone-Park area about 650,000 years 
ago, identified at a depth of 13.5 to 13.8 meters depth, indicates that alluvial sediments 
have accumulated at a net rate of 0.02 mm/year during the last portion of the Quaternary 
(Stonestrom et al., 2003). Water potential in shallow soils below the ADRS range from 
-200 to -750 meters (Andraski and Jacobson, 2000). Scanlon (1994) indicates that the 
unsaturated soils have been drying for approximately 16,000 years, and further modeling 
predicts a total water flux of approximately 0.01 mm/year towards land surface.
13
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CHAPTER 3
HYDRAULIC CONDUCTIVITY THEORY 
Hydraulic conductivity is defined as the proportionality constant between the 
volumetric flux and the hydraulic gradient, as in Darcy's law. Hydraulic conductivity 
theory is explained in detail below.
Overview of Saturated Hvdraulic Conductivity Theorv 
Saturated hydraulic conductivity is defined as the coefficient of permeability, and 
is equal to the cross-sectional divided by the specific discharge (defined as the volumetric 
flow rate per unit area of a porous media) area multiplied by the (inverse) hydraulic 
gradient (or slope of the line of potential energy of flow; Equation 1).
K  =  —q ( 1)
Original experiments performed by Darcy (1856), provide a graphical 
representation of the linear relationship between specific discharge and hydraulic gradient 
(Figure 3-1).
Dimensions for K are length per time (L/T) and are derived from dimensions of 
discharge expressed as cubic length per time (LVT), area expressed as length squared 
(L’), and hydraulic gradient expressed as length per length (L/L).
Equation 1 is described as a unit of length per a unit of time exhibits a concept of 
flow. Further, the saturated hydraulic conductivity is a function of properties of both the
16
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Figure 3-1 - Graphical representation of the linear relationship between specific 
discharge and hydraulic gradient for two different sands (Modified from Darcy, 1856)
porous medium and the fluid passing through it (Hubbert, 1956). Therefore, as fluid 
viscosity increases, the saturated hydraulic conductivity will decrease.
Overview of Unsaturated Hvdraulic Conductivity Theorv 
Similar to saturated hydraulic conductivity, unsaturated hydraulic conductivity 
can be the result of movement ( 1) through large soil pore spaces, (2) through small soil 
pore spaces, and (3) as the result of interactions of mobile water molecules and ions 
(Tindall et al., 1999). Unsaturated hydraulic conductivity is defined as the proportionality 
constant between the volumetric flux of water and the hydraulic gradient in a porous 
medium for cases of water content less than saturation. Values of unsaturated hydraulic 
conductivity are generally expressed as a function of matric pressure (commonly 
expressed asy /) and/or water content (commonly expressed as^ ). Individual theories
17
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discussing the mechanism of these interactions are discussed in detail in Mitchell (1993). 
Generally, however, the movement of water through the unsaturated zone is described by 
the soil pore geometry and water, the pressure potential within a volumetric column of 
soil, and the temperature of the water within the soil.
Changes in the geometry of the soil pores alter the capillary system and result in 
changes to soil matric potential. Matric potential (or suction) is the negative pressure 
exerted on water above the water table, thus placing the water under tension. This can be 
further described as the amount of work required, per unit quantity of water, to move a 
very small amount of water from an area of saturation to a point of interest in the soil at 
nearly the same elevation. This process moves water through a soil, and at points where 
elevations are similar, gravity has no impact (Hillel, 1980). Furthermore, temperature 
affects the density of water vapor in the soil, such that a higher temperature will increase 
the vapor pressure, therein increasing the total potential for water movement.
General equations that define the unsaturated hydraulic conductivity are provided 
in discussions below. It should be noted, however, that no universal equation exists to 
describe unsaturated hydraulic conductivity or more specifically capillary conductivity. 
The selected equations are empirical and used to test laboratory calculated values.
Hydraulic Conductivity Predictive Methods 
Three methods used to calculate hydraulic conductivity (Fredlund et al., 1994; 
Green and Corey, 1971; and van Genuchten, 1980) were evaluated. Primary limitations 
on these methods stem from the low volumetric-water content that is present in desert 
environments. Further, method sensitivity may be enhanced with additional values of 
suction and associated volumetric-water content data. These methods have been widely 
utilized to evaluate water migration through the unsaturated zone as values obtained from
18
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these methods compare well to laboratory derived estimates. Limitations to these 
methods stem from the lack of sensitivity, and variability of collected input parameters. 
For example, the relationship between matric potential and volumetric-water content are 
necessary components to method calculations. Slight differences in collected volumetric- 
water content may create variability in associated matric potential that are expressed as 
differences in orders of magnitude.
Green and Corey (1971)
The Green and Corey method predicts unsaturated hydraulic conductivity from 
soil-water characteristic functions and is widely used for most field applications 
(Equation 2).
m ,  — ■ ^ | ; [ ( 2;  + l - 2 0 * r ]  (2)
Where k(/9)- is the calculated hydraulic conductivity for a specified water content 
(cm/min), k/k^ is the matching factor (measured saturated hydraulic conductivity / 
calculated saturated hydraulic conductivity), i is the range of water content from dry to 
saturation (e.g., i=\ identifies the lowest water content, and i=m corresponds to the 
saturated water content), h.is the matric potential for a given range of water-filled pores 
(cm of water), n is the total number of values for water-filled pores (or differentiation of 
layers of sediment based on pore size distribution) between i and m, 9  is the water 
content (cmVcm^), 9̂  ̂is the lowest water content on the experimental curve, 9  ̂is the 
saturated water content (cmVcm^), T is the surface tension of water (dyn/cm), ^  is the 
water-saturated porosity, 7 is the viscosity of water (g/cm • s '), g is the gravitational 
constant (cm/s '), // is the density of water (g/cm^), and p is  a parameter that accounts for 
the interaction of pore classes (range between 1.0 and 2.0).
19
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This method relies upon; 1) defining the range (from dry to saturated) of saturated 
hydraulic conductivity (k^) for the given soil, 2) identifying the range (from dry to 
saturated) of measured saturated hydraulic conductivity (k j for the given soil, 3) 
specifying the range of values for hydraulic conductivity (k.) per range of volumetric- 
water content, and 4) selecting a value of unsaturated hydraulic conductivity from the 
graphical relationship derived from k  and 6 .
van Genuchten (1980)
The van Genuchten predictive method relies on curve-fitting the volumetric water 
content of the soil to obtain values for a closed form equation to describe the hydraulic 
conductivity of a soil as a function of matric potential (Equation 3).
Where k is the saturated hydraulic conductivity, a , n, and m are curve fitting 
parameters (n = l/(l-m )), and y/ is the suction.
This method relies upon the full range of water content and associated matric 
potential. Values of water content are used to develop curve fitting parameters (a  , n, and 
m), and unsaturated hydraulic conductivity values are derived from these values and 
associated range of matric potential.
Fredlund et al. (1994)
The Fredlund predictive method consists of integrating along the entire retention 
curve of the volumetric water content vs. matric potential to develop the unsaturated 
hydraulic conductivity function. This method alleviates the need to determine the 
volumetric-water content at the near dry end by curve-fitting the volumetric water content 
using the method proposed by Fredlund and Xing (1994, Equation 4).
20
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p(jnz3üLle-ie^‘)
/=/ e ’"
Where is the calculated hydraulic conductivity for a specified water content or 
matric potential, k, is the measured saturated hydraulic conductivity (m/s), 9  is the 
volumetric water content, e is the natural number (2.71828), y is a dummy variable of 
integration representing the logarithm of negative pore-water pressure, i is the interval 
between the range of j to N, j is the least negative pore-water pressure to be described by 
the final function, N is the maximum negative pore-water pressure to be described by the 
final function, y/ is the suction (m) corresponding to the j “' interval, and 9 ' is the first 
derivative of Equation 5.
9  = C {y /)---------- ^ -----------  (5)
Where a is approximately the air entry value of the soil, n is a parameter that 
controls the slope at the inflection point in the volumetric water content function, m is a 
parameter that is related to the residual water content, and C ( ̂  ) is a correcting function 
defined in Equation 6.
In 1 + ^
VC{y/) = 1-----------^ ^ ------ (6)
ln(l + l 000000/C J
Values of unsaturated hydraulic conductivity were not calculated using the 
Eredlund (1994) method for this study however. Values of suction and water-content 
needed to develop the soil-water characteristic curve produced values much higher than 
expected when modifying the curve to fit soil parameters. It is assumed that the
21
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homogeneity of the soils in the simulated waste burial sites may not be suitable for this 
method.
22
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CHAPTER 4
METHODS AND PROCEDURES
Unsaturated soils have the ability to transmit water, but in situ measurements of 
unsaturated hydraulic conductivity (or capillary conductivity) are difficult and complex. 
Methods relating to the calculation of unsaturated hydraulic conductivity in situ are 
commonly validated only in the artificial conditions found in the laboratory. Confirming 
these methods in the field has not been entirely successful because the pertinent hydraulic 
characteristics of the soil (including the functional relation of hydraulic conductivity and 
matric suction to soil wetness as well as the spatial, and temporal variation of these 
parameters in the commonly heterogeneous field situation) are difficult to quantify 
(Hillel, 1980). For example, when considering uniform sandy soil, a measurement made 
on a cubic decimeter may be sufficient to characterize the entire soil. However, in many 
cases, the presence of layered soils, aggregate, and variably sized fissures may be 
represented by samples of several cubic meters.
Hillel (1980) describes three techniques for measuring unsaturated hydraulic 
conductivity in situ that include; (1) sprinkling infiltration, (2) infiltration through an 
impeding layer, and (3) internal drainage. Sprinkling infiltration, first described (in 
principle) by Youngs (1964), involves a continual supply of water added to soil at a 
constant rate lower than the effective hydraulic conductivity (defined as the steady
23
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downward velocity derived from the specific discharge divided by the area of a soil 
profile). Once equilibrium is established (steady moisture distribution in the conducting 
profile), matric potential approaches zero and hydraulic conductivity becomes equal to 
the flux. Infiltration through an impeding layer, suggested by Hillel and Gardner (1970), 
illustrated how an impeding layer (crust) at the surface could provide a preferred 
boundary condition that would allow measurements of hydraulic conductivity as a 
function of soil wetness. The internal drainage method, first described by Richards and 
Weeks (1953), utilizes soil moisture suction and soil moisture data to monitor the internal 
drainage of a profile in a column. These methods are generally used to obtain an initial 
value for hydraulic conductivity; however, the accuracies of the values obtained are 
generally not suitable for detailed evaluation in that the range of values may be several 
orders of magnitude difference in the near dry range of matric potential and volumetric- 
water content.
Variability in unsaturated hydraulic conductivity, as reflected by soil type can be 
derived through several studies that have focused on variation in the fluctuation of water 
movement in desert soils. For example, Constantz et al. (2003) have modeled shallow and 
deep vadose zone layers of basin-fill sediments beneath Frenchman Flat, Nevada, 
resulting in percolation rates of zero to 11 mm y '. Furthermore, Sission et al. (2002) 
concluded that 55 +/- 10 mm y ' water percolation occurred in coarse sandy soils (with no 
vegetation) 7 km north of Richland, WA, from estimations based upon soil-water 
pressure data derived from drive-cone tensiometers deployed by cone-penetrometer 
techniques. Also, Walvoord et al. (2002) utilized paleohydrologic and paleoecological 
data to reconstruct changes in infiltration (2-5 mm yr ' at 14-13 ka) and denoted a shift
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linked to the establishment of desert vegetation (at 13-9.5 ka) from vadose zone profiles 
collected in the northern Mojave Desert.
Difficulties with collecting in situ data are commonly overcome by predicting the 
unsaturated hydraulic conductivity using volumetric-water content (i.e., soil moisture) 
measured with a suitable model/method. Volumetric-water content is defined as the 
fraction of the total volume of soil that is occupied by the water contained in the soil. 
Equation 7 expresses the concept of volumetric-water content, assuming that V, is the 
volume of the liquid phase (water) in the soil sample and that V, is the total volume of the 
sample. This study utilizes measured values of volumetric-water content from the 
unsaturated zone at the ADRS, to estimate hydraulic conductivity values.
^ (7)
 ̂ t
Volumetric-water content data collected at the ADRS have been ongoing since 
1984. Typically, volumetric-water content has not been recorded below 3 meters, 
however, variations in these data, which have been collected through relatively wet 
(including El Nino) years as well as relatively dry years, are due to changing climatic 
conditions. Identifying potential impacts from climatic variations (on an annual basis) on 
volumetric-water content, and how these variations are reflected in the soil stratigraphy 
will aid in refining previous model estimates. Currently, segments of the existing 
volumetric-water content datasets (~5 years) have been analyzed and published 
(Andraski, 1997; Johnson et al., 2002). However, a full set which includes data collected 
during variations in climate is evaluated in this study.
25
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Field Data Collection 
Volumetric-water content was collected from neutron-probe access tubes using a 
soil moisture neutron probe (Figure 4-1) manufactured by Campbell Pacific Nuclear 
International, Inc. (Johnson and others, 2002). Neutron particles emitted from the probe 
move through the soil, collide with hydrogen atoms, therein slowing down, and are 
reflected back. The rate of reflection is detected by a surface electronic sensor which 
counts each retum-reflection event. Values of volumetric-water content are then 
calculated based upon the number of neutron return-reflections. Counts are acquired 
every 30 seconds at 0.15 meters below land surface, and at 21 deeper locations at 
intervals of 0.25 meters below land surface from a depth of 0.25 meters to 5.25 meters 
(Johnson et al., 2002).
Inherent errors associated with the data collection may exist. Hydrogen atoms 
exist in both the soil water and in the soil organic matter, so sorption of neutrons may be 
high. Further, calibration of the soil moisture neutron probe (SMNP) prior and post 
measurement cycle provides a calibration curve representative of 0% to 100% water 
saturation, but may not provide a high enough resolution for measurements of very low 
water content as found at the ADRS. Additional variances in the collection of volumetric- 
water content include: ( 1) random variation in neutron emission from the source (neutron 
emission follows a Poisson statistical distribution), (2) counting error, (3) variation in 
water content across the site, and (4) calibration error. Confidence in the collection of 
volumetric-water content with the use of a SMNP is high because (1) The SMNP senses 
soil water content over a volume of soil that is an order of magnitude larger than that 
sensed by other devices, (2) the SMNP is at least an order of magnitude less sensitive to 
salinity or temperature influences that cause large errors in capacitance or Time Domain
26
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Reflectometry systems, (3) the SMNP is a stable technology that is reliable and easy to 
use effectively, and (4) The SMNP technology is widely documented and utilized. 
Further, based on randomness of emission, a typical reading of 10,000 counts per 15 
seconds has a variance of 1 % (Hignett and Evett, 2002).
For this study, six access holes are utilized to acquire soil moisture data. These 
data collection points are located in three differing environments, with 2 holes in each.
Figure 4-1 - Neutron probe in place over 
native devegetated soil site.
The three environments identified are meant to represent one plot of native devegetated 
soil, and two plots of devegetated soil under simulated waste burial conditions (Figure 4- 
2). Removal of native vegetation and the resulting soil (or devegetated-soil) is meant to 
limit the interaction of neutron counts and organic material. One devegetated soil site
27
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contains access tubes put in place using a pneumatically driven downhole-hammer 
system (Abeele, 1987). Two devegetated sites were emplaced during trench construction 
(September 1987) that is meant to simulate waste burial conditions, and extend below the 
trench floor (Figure 4-3).
Sites are grouped to aid in data presentation. From this point forward, sites 11 and 
12 will represent data collection sites in the East Trench; sites 21 and 22 will represent
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Figure 4-2 -  Map showing placement of access holes for water-content data collection.
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data collection sites in the West Trench; and sites 31 and 32 will represent data collection 
in the native non-vegetation site.
Data collection intervals in this study consisted of 20,000 counts collected every 
30 seconds. Total counts for period of record is 279,940,000 resulting in 13,997 
computed volumetric water content values. Based upon expected variance noted above, a 
2.0% error can be anticipated for each interval of data collected (and calculated 
volumetric-water content value) and is eonsidered negligible. These data were compiled 
and sorted in a Microsoft® Office Excel spreadsheet for statistical analysis and method 
calculation.
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CHAPTER 5
DATA ANALYSIS
Water content data are evaluated for the period of record between 1990 and 2002. 
Descriptive statistics are used to identify variability in the water content data. The 
resulting statistics are used as input for the three methods outlined above to compute 
values of unsaturated hydraulic conductivity. Data from native devegetated, and trench 
fill soils are analyzed and compared. The comparison provides insights in to how the soil 
properties, stratigraphy, and water content affect hydraulic conductivity of desert soils. 
Soil moisture data are graphically compared to precipitation data to consider potential 
climate induced variations. This evaluation is pertinent to the understanding of water 
movement through the unsaturated zone.
Statistics
Descriptive statistics (i.e., mean for period of record and yearly mean for period 
of record) are derived from collected water-content data. Resulting statistics, along with 
previously defined soil properties collected by Andraski (1996), are used as input 
parameters to calculate unsaturated hydraulic conductivity values associated with the 
unsaturated soils at the ADRS. A comparison of computed unsaturated hydraulic 
conductivity values, generated by methods described above, are also statistically 
evaluated to obtain mean period of record and yearly mean values
30
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Conceptual model
Stonestrom et al. (2003) indicated that, under current climatic conditions, virtually 
no deep percolation of water through the unsaturated zone to the water table exists at the 
ADRS. Further, unsaturated hydraulic conductivity in the desert soils at the ADRS is 
primarily affected by matric potential (referred to as suction herein) at depth (> 1 meter), 
and vapor flux at near-surface elevations (< 1 meter) (Andraski, 1997). Andraski (1996) 
outlines model predicted suction versus field-water content data. This analysis shows that 
an increase in suction predictably coincides with low unsaturated hydraulic conductivity 
values. A calculated value for total saturated hydraulic conductivity was approximately 
10 cm s ' for trench fill sites and 10 cm s ' for native soil sites, while a calculated 
unsaturated hydraulic conductivity value was approximately 10 cm s ' for trench fill 
sites and upper two soil layers; and 10 cm s ' for soil layers from 2 to 5 meters 
(Andraski, 1996).
Statistical analysis of water content data is done to evaluate six sites for FOR 
(1990 to 2002) and yearly. Appendix A and B outline descriptive statistics for water- 
content data for FOR, and Appendix C and D outline descriptive statistics for yearly 
water-content data. Additional soil-parameter data necessary for analysis is provided by 
Andraski (1996). Specifically, saturated water content for differing soil layers, suction 
and water-content data for differing layers are provided. Figure 5-1 presents the 
relationship between water content and suction for differing soil layers.
The results of the statistical analysis and the additional soil-parameter data were 
used to quantitatively develop preliminary conceptual models of vertical unsaturated- 
hydraulic conductivity.
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Evaluating the FOR statistics; the sediments beneath the trench-fill sites (i.e., sites 
11, 12, 21, and 22) show less uniform water-content values and vary in saturation more 
than the native devegetated sites (i.e., sites 31 and 32). Within the trench-fill sites, at 
depths of simulated waste burial, water-content values fluctuate between approximately 
0.07 mVm’ above and below simulated waste burial, and approximately 0.05 mVm’ within 
the region of waste burial. Further, an increase of approximately 0.015 mVm’ occurs in 
the mid region between simulated waste burial containers. In contrast, the native 
devegetated sites vary at the surface above approximately 1.25 meters, yet maintain a 
relative higher saturation than the devegetated trench sites (Figure 5-2).
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Figure 5-1 - Water content vs. suction (from Andraski, 1996).
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Comparing FOR data from all sites (Figure 5-3), it can be noted that a distinct 
difference between the trench-fill sites and the devegetated sites exists at the point of 
conversion. The point of conversion is the point below land surface where fluctuation of 
water content becomes less significant. In the devegetated sites this point is 
approximately 1.25 meters below land surface (as noted above), whereas this point is at 
approximately 2.25 meters in the trench-fill sites. The significance of this difference is 
likely due to the placement of simulated waste-barrels within the layers of soil. The 
difference shows that water content is more variable in these instances, which is likely a 
reflection of either ( 1) a flow barrier (simulated waste drums) preventing water migration 
through the layers containing simulated waste drums that would result in a decrease in 
unsaturated hydraulic conductivity, or (2) natural drying of soils prior to data collection. 
Because of the homogeneity of the trench fill soils, it can be surmised that flow through 
this portion of the unsaturated zone is such that water more readily moves through the 
upper layers above the simulated waste drums and either moves into more heterogeneous 
soils, or is evaporated.
Further graphical evaluation of water-content data provides additional 
observations. First, it is noted that in sites where simulated waste burial drums are 
randomly placed (i.e., sites 11 and 12), resulting volumetric-water content data becomes 
more variable in that sharp changes in volumetric-water content values occur at depth. 
This observation is compared to trench sites where simulated waste burial drums are 
evenly placed and resulting volumetric-water content data show smooth transitions at 
depth. This smoothness may lend credence to the development of conduits of preferential 
water flow, moving around the simulated waste burial drums, or that (as stated above) 
water is more readily moved out of the system because of the more homogeneous soils.
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The preferential flow paths are likely at the soil and waste-drum interface, and would 
provide a stable path for the flow of water at depth. Assuming that these flow paths exist, 
and because the values of volumetric-water content are near equal, values of calculated 
unsaturated hydraulic conductivity should be relatively similar between methods.
Second, the comparison of volumetric-water content data presented in Figure 5-3 
suggests that values at depth between all 6 sites are nearly equal. This is a reasonable 
conclusion in that all sites are completed and therefore representative of the lower layer 
(i.e., below 4.5 meters) of soil. The overlying soil layers (and lack of soil in the trench-fill 
sites that contain waste burial drums) do not seem to affect the values in the lower 
layer(s). It may be concluded that because water is predominately taken up by plants and 
évapotranspiration (Stonestrom et al., 2003), then no variability should exist at depth. 
Understanding the water balance as defined by the precipitation and évapotranspiration, 
volumetric water content at depth should be relatively low if not maintained by a 
recharge source. This is not the case however from the presented data; volumetric water 
content at depth is relatively high in comparison with values at shallower depths, which is 
likely due to long residence times, resulting from high suction, low vapor pressure and 
soil texture.
Finally, variability that is not seen in period-of-record mean volumetric water 
content data (below point of convergence depths) may be present in yearly mean data. 
Variability in yearly mean volumetric water content data, if present at depth, would 
indicate that water movement was evident, and suction and vapor pressure were 
overcome. Changes that are apparent with seasonal wet and dry cycles (as evident in 
yearly precipitation data) would also provide a mechanism for water migration vertically 
through the system.
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Figure 5-2 -  FOR mean volumetric water at depth for sites 11, and 12.
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Figure 5-2 (cont’d) -  FOR mean volumetric water at depth for sites 21, and 22.
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Figure 5-3 - Mean volumetric water at depth for sites 11, 12, 21, 22, 31 and 32, 
with associated lines of convergence.
Resulting statistical analysis of yearly water-content data do suggest variability in 
unsaturated hydraulic conductivity. Point of convergence becomes more similar when 
yearly mean water-content values are evaluated. For sites 11 and 12, the point of 
convergence is approximately 2.25 meters; for sites 21 and 22, the point of convergence 
is approximately 2.00 meters, and for sites 31 and 32, the point of convergence is 
approximately 2.25 (Figure 5-4).
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Figure 5-4 presents multiple year data sets; colors denote individual years, 
however, overlap in data obscures variability in all values below (in depth) point-of- 
convergence lines. No discernable variation exists below point of convergence lines 
therein supporting the evidence for lack of vertical movement of water at depth. It can be 
surmised from this lack of vertical movement that suction values and vapor pressures are 
such that residence times are likely long in duration. Further, the apparent variability in 
year to year data is the likely the result of trends in precipitation and is further discussed 
below.
Noted change, especially in sites 31 and 32, may be due to the existence of 
several wetter years that may have provided more time for water to migrate further into 
the soil layers. As indicated above, precipitation in the region is noted to have been 
higher than normal for the period of record analyzed. Fluctuation in precipitation during 
this period may account for relative changes in point of convergence. Seasonal variations 
are apparent in yearly average data. Figure 5-5 graphically illustrates the relationship 
between precipitation and yearly mean volumetric water in the upper layer of each of the 
6 sites.
In trench-fill sites (i.e., sites 11, 12,21, and 22) variations in volumetric water 
content data at near surface depths (< 2.5 meters) are considerably more variable when 
compared to native non-vegetation sites (sites 31 and 32). Also, in all sites, higher values 
of volumetric water-content are generally observed in later year data. Lines that are 
lighter in color (magenta, yellow, turquoise, pale green) are representative of data 
collected between 1998 and 2002, while darker colors indicated earlier data (< 1997).
Wet and dry periods associated with yearly precipitation are believed to account for this 
variability.
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Figure 5-4 - Yearly mean volumetric water for sites 11 and 12; point of convergence 
= 2.25.
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The spatial and seasonal variability associated with the yearly mean volumetric- 
water data is limited in that trends in local precipitation may mask infiltration to the 
subsurface and therefore limit evaluations of hydraulic conductivity. Further, because 
trends in near surface mean volumetric water-content do follow trends in regional 
precipitation (i.e., southern Nevada, Figure 5-5), it is concluded that near surface 
fluctuations in unsaturated hydraulic conductivity are likely not as variable as resulting 
statistical analysis shows. The following evaluation of calculated unsaturated hydraulic 
conductivity is likely skewed when results from yearly data are presented. Because of this 
inherent bias associated with data collected from both wet and dry years likely over 
estimates the minimum and maximum value of calculated unsaturated hydraulic 
conductivity, period-of-record data should be used when evaluating values for method 
input. Period-of-record data from differing sites may be limited to a single year, and may 
be further skewed to the variability of the climate of the year collected, so greater 
importance should be placed on multiple year data collection.
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CHAPTER 6
RESULTS AND DISCUSSION 
Method Results
Data from the statistical analysis were sorted and utilized in the following 
methods to determine hydraulic conductivity.
van Genuchten (1980)
Mean yearly volumetric-water data and mean PGR volumetric-water data were 
evaluated using van Genuchten (1980).
Volumetric-water data representing PGR were combined to reflect identified soil 
layers, and mean values were calculated and used in method calculations. Method results 
indicated a distinct difference between trench-fill sites and native non-vegetation sites 
(Table 6-1). These values are expected to reflect the difference between the layers at each 
site. As is expected, in simulated waste burial conditions, hydraulic conductivities are 
relatively small (i.e., < 3.0 x 10 ‘’em/see), and reflect native non-vegetation sites at depths 
that reach native soil (Figure 6-1).
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Yearly mean volumetric-water data were also combined to reflect soil layers, and 
mean values were used in method calculations (Appendix B).
Results show lower hydraulic conductivity values in areas of simulated waste 
burial, as was described from volumetric-water content data mentioned above. 
Emplacement of waste burial drums provides flow barriers to vertical movement of 
water, or it is possible that the fluctuations are due to the drying of soils in between data 
collection. This observation does not support the potential development of conduits of 
flow as inferred above. The relatively low unsaturated hydraulic conductivity values in
Table 6-1 - FOR unsaturated hydraulic conductivity, by layer, calculated from 
methods developed by van Genuchten (1980).
_____________ Unsaturated Hydraulic Conductivity (centimeters per second)
SiteLayer -
11 12 21 22 31 32
1 2.77E-09 1.40E-09 2.85E-09 2.84E-09 4.91E-09 4.75E-09
2 2.83E-09 2.84E-09 2.83E-09 2.82E-09 4.18E-08 1.89E-08
3 2.84E-09 2.84E-09 2.84E-09 2.84E-09 3.62E-08 3.49E-08
4 5.29E-10 2.83E-09 2.83E-09 2.83E-09 3.51E-08 3.48E-08
5 3.64E-08 3.63E-08 3.62E-08 3.62E-08 3.64E-08 3.64E-08
areas of trench-fill and simulated waste-burial drums are indicative of flow barriers and 
not flow conduits. In native non-vegetation sites increases in hydraulic conductivity 
coincide with wetter periods, however, values do not extend past the 3 meter depth range, 
therein not providing recharge to the water-table (Figure 6-2). As discussed above, high 
suction and vapor pressure likely prevent vertical migration in soil layers below 3 meters.
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calculated from methods developed by van Genuchten (1980) for sites 21 and 22.
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Green and Corev (19711 
Mean yearly volumetric water data and mean FOR volumetric water data were 
evaluated using Green and Corey (1971).
Volumetric water data representing FOR were combined to reflect identified soil 
layers, and mean values were calculated and used in method calculations (Table 6-2). As 
previously noted, method results indicate a distinct difference between trench-fill sites 
and native non-vegetation sites (Figure 6-3). These values are expected to reflect the 
difference between the layers at each site. As is expected, in simulated waste burial 
conditions, hydraulic conductivities are relatively small (i.e., < 3.0 x 10 'em/sec), and 
reflect native non-vegetation sites at depths that reach native soil (Figure 6-3). Two 
points at depth (i.e., layers 2 and 4) at site 22 reflect even smaller conductivities (2 orders 
of magnitude smaller). Water-content data in these layers fall just below similar values in 
site 21. The slight difference in measured water content (0.0033 cu. meters per cu. 
meters) drops the calculated hydraulic conductivity value by 2 orders of magnitude. This 
sensitivity of the Green and Corey method needs to be accounted for in direct statistical 
correlation with other methods.
Table 6-2 - FOR unsaturated hydraulic conductivity, by layer, calculated from 
methods developed by Green and Corey (1971).
______________ Unsaturated Hydraulic Conductivity (centimeters per second)
T SiteLayer ------------------------------------------------------------------------------------------------
11 12 21 22 31 32
1 2.50E-09 2.51E-09 2.29E-09 2.20E-09 1.45E-07 3.49E-09
2 2.10E-09 2.12E-09 2.05E-09 1.81E-11 7.69E-03 7.29E-03
3 2.17E-09 2.19E-09 2.15E-09 2.16E-09 9.23E-06 9.02E-06
4 2.09E-09 2.10E-09 2.10E-09 1.87E-11 l.llE -0 6 9.00E-06
5 3.07E-08 3.06E-08 2.92E-08 2.87E-08 1.09E-06 1.09E-06
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Yearly mean volumetric-water data were also combined to reflect soil layers and 
mean values were used in method calculations (Appendix B).
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Figure 6-3 - Hydraulic conductivity at depth for FOR, from 
methods developed by Green and Corey (1971).
As in other method results, values predictably show lower hydraulic conductivity 
in areas of simulated waste burial. Emplacement of waste burial drums provides flow 
barriers to vertical movement of water, or water is moved quickly out of the system 
between data collection times. In native non-vegetation sites increases in hydraulic 
conductivity coincide with wetter periods, however, values do not extend past the 3 meter 
depth range, therein not providing recharge to the water table (Figure 6-4).
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Method Comparison
Graphical comparison of the van Genuchten and Green and Corey methods 
suggests a good correlation in trench sites, and poor correlation in native devegetated 
sites (Figure 6-5).
General distribution of unsaturated hydraulic conductivity in sites 11, 12, 21, and 
22 are similar in value and trend. Values average 2.23 x 10 \  2.35 x 10 ®, 2.49 x 10 ®, and 
1.97 X 10 ®, for sites 11, 12,21, and 22 respectively, from layer 1 to layer 4. At depth (i.e., 
layer 5) hydraulic conductivity values increase by an order of magnitude to 3.62 x 10 * 
(van Genuchten), and 2.98 x 10 * (Green and Corey) averaged values.
At sites located in native devegetated soils, differences between the two methods 
become distinctive (Figure 6-5). Differences may stem from the sensitivity of the 
individual methods, the lack of variance in data collection (i.e., the slope of individual 
suction vs. k^„, ,̂may be enhanced with additional values of suction and associated water- 
content data), the lack of sensitivity of methods at extremely low suction values, or the 
greater heterogeneity of the native devegetated soils. Even with the differences in actual 
value, differences between values for each layer are somewhat similar. Differences in 
layer 1 for site 31 is approximately 1x10® and 1x10® for site 32; differences in layer 2 
for both sites 31 and 32 is approximately 1 x 10 \  and differences for layers 3, 4, and 5 
for both sites 31 and 32 is 1 x 10 ®.
Published values of unsaturated hydraulic conductivity from other studies are 
summarized in Table 6-3. Values obtained in this study fit well with these studies. The 
similarity between the values obtained from the trench-fill sites and the previously 
published values lend credence this method comparison. At sites in the native
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devegetated soils, the lack of consistency between methods is evident; however, the 
values obtained do fall within previously made calculations.
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Table 6-3 - Values of unsaturated hydraulic conductivity from this study and 
previously published (from Andraski, 1996).
Author soil type Suction (range, cm of H2O)
Kunsat 
(range, cm s ‘)
This Study:
Van Genuchten
This Study: 
Green and Corey
coarse sand
coarse sand
0 to 1,900,000 
Oto 1,900,000
10* to 10" 
(POR Data)
10® to 10" 
(POR Data)
M ehuysetal. gravelly loam , sand, 50 to 50,000 10" to 10"
(1975) gravelly sandy loam
Nimmo et al. 
(1992) sand 100 to 430 10® to 10®
Mehta et al. (1994) dune sand 100 to 430 10 ® to 10"'
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CHAPTER 7
SUMMARY AND CONCLUSIONS
This study was developed to compare the accuracy of predictive equations of 
unsaturated hydraulic conductivity in dry soils and provide additional data to the 
understanding of migration of water through the unsaturated zone at the ADRS. In 
southern Nevada, understanding the hydrologie properties of thick zones of unsaturated 
soils is important to the potential utilization of land for hazardous waste burial. 
Additional studies dealing with the fate and transport of other potential contaminants 
(i.e., septic tank leach fields, oil and gas tank storage, etc.) also benefit from the 
understanding of the hydrologie components that describe migration of water through 
desert soils.
Hydraulic conductivity which is described as the rate that a soil allows water to 
migrate is useful in calculations that predict values of distance and time of water 
movement through soil, and therefore transport of materials suspended in water. This 
study statistically examined temporal changes in field-collected volumetrie-water content 
data from the ADRS in southern Nevada, and presents an evaluation of method-predicted 
hydraulic conductivity values.
Data collected for this study consist of quarterly measurements of water-content 
data taken over a 12 year time period. Data were collected at the ADRS located within 
the northern Amargosa Desert, near Beatty, Nevada. The ADRS is adjacent to the first
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low-level radioactive waste facility operated in the United States. Soils at the ADRS 
consist of unconsolidated to weakly indurated deposits of early Pliocene to Quaternary 
age that ineludes alluvial-fan, fluvial, and freshwater deposits (Nichols, 1987), and near 
the surface, have been grouped into 5 layers identified as Layers 1 (surface) to 5 (5.25 
meters depth), for use in method evaluation (Andraski, 1996).
Descriptive statistics applied to collected volumetric-water content data along 
with previously defined soil properties collected by Andraski (1996) provide input values 
for two methods used to evaluate the hydraulic conductivity values associated with the 
unsaturated soils at the ADRS. These methods include Green and Corey (1971), and van 
Genuchten (1980). Attempts were made to utilize a 3'® predictive method (Fredlund et al., 
1994), however, resulting values were outside of reasonable estimates and it was 
determined that all input parameters were not accessible for this type of analysis.
Uncertainty may exist in calculated unsaturated hydraulic conductivity values. 
These errors stem from variances in initial data collection, which are the result of several 
factors that include; soil moisture, organic matter, instrument calibration, and data 
collection practices. As noted above, expected error in collected data is 2.0% at each 
interval. This error propagates through to calculated volumetrie-water content. For 
example, at site 12 at a depth of 4.0 meters, variances in counts range from 3,600 to 
5,850, resulting in 0.027 to 0.047 mVm® volumetric-water content, respectively. As 
previously noted expected error is considered negligible and is further masked by a 
statistical evaluation. Computing the mean value for the period of reeord, the value 
obtained from the example is 0.037 mVm\ Differences between maximum and minimum 
values are greater than the 2.0% difference (+/- 0.00054 and +/- 0.00094, respectively) 
propagated through the range of computed volumetric-water content.
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Resulting statistical and method analysis of period of record, and yearly 
volumetric-water content data suggests variability in hydraulic conductivity. Graphically 
comparing the results from van Genuchten (1980) and Green and Corey (1971) methods 
suggest a good correlation in trench sites, and poor correlation in native devegetated sites. 
Values differing by 10 ® were consistently noted in simulated trench-fill sites, while 
differences of 10 ® to 10 ® were noted in native devegetated sites. Previously published 
values of unsaturated hydraulic conductivity from other studies fit well with values from 
this analysis. The similarity between the values obtained from the trench-fill sites and the 
previously published values give credibility to this method comparison. At sites in the 
native devegetated soils, the lack of consistency between methods is evident, and may be 
due to difference in method sensitivity. However, the values obtained from both methods 
applied to the devegetated soils do fall within previous study boundaries.
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MEAN VOLUMETRIC WATER- EOR FOR
Mean Volumetric Water (cubic meters per cubic meters)
Depth Site
11 12 21 22 31 32
0.15 0TK35 0TK52 0.0617 0.0530 0.0879 0.0746
&25 0.0685 0.0694 0.0595 0.0527 0.0830 0.0781
0.50 0.0720 0.0745 0.0541 0.0505 0.0788 0.0625
0.75 0.0633 0.0638 0.0533 0.0463 0.0755 0.0300
1.00 0TK22 0.0597 0.0503 0.0443 0.0687 0.0435
1.25 0.0565 0.0578 0TW58 0.0422 0.0596 0.0599
1.50 0.0490 0.0484 0.0386 0.0407 0.0593 0.0604
1.75 0.0475 0.0471 0.0332 0.0325 0.0563 0.0565
2.00 0.0379 0.0408 0.0374 0.0284 0.0711 0.0606
2.25 0.0365 0.0396 0.0414 0.0401 0.0809 0.0737
250 0.0470 0.0451 0.0465 0.0442 0.0942 0.0873
275 0.0512 0.0538 0.0491 0.0494 0.0978 0.0836
3.00 0.0489 0.0510 0.0467 0TW82 0.1019 0.0956
225 0.0450 0.0463 0.0429 0.0461 0.0941 0.1064
3.50 0.0375 0.0366 0.0407 0.0367 0.1005 0.0907
3.75 0.0411 0.0387 0.0382 0.0320 0.0901 0.0980
4.00 0.0320 0.0325 0.0388 0.0311 0.0900 0.0959
4.25 0.0346 0.0401 0.0423 0TW39 0.0756 0.0814
4.50 (X0588 0.0580 0.0496 0.0473 0.0747 0.0788
4.75 0.0715 0.0755 0.0620 0.0581 0.0830 0.0750
5.00 0TK68 0.0689 0.0628 0.0621 0.0810 0.0717
225 0.0730 0.0660 0.0656 0.0639 0.0839 0.1006
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
MEAN VOLUMETRIC WATER- BY LAYER, FOR FOR
Volumetric Water (cubic meters per cubic meters)
Site
-ayer
Mean Maximum Minimum Mean Maximum Minimum
11 12
1 0.0621 0.1076 0.0414 0.0627 0.1127 0.0405
2 0.0422 0.0629 0.0361 0.0431 0.0735 0.0354
3 0.0456 0.0548 0.0429 0.0469 0.0659 0.0412
4 0.0416 0.0529 0.0367 0.0423 0.0610 0.0367
5 0.0704 0.1078 0.0662 0.0702 0.0977 0.0603
21 22
1 0.0519 0.1133 0.0327 0.0471 0.0984 0.0313
2 0.0396 0.0600 0.0342 0.0363 0.0534 0.0333
3 0.0449 0.0634 0.0415 0.0451 0.0648 0.0392
4 0.0422 0.0626 0TU53 0.0386 0.0563 0.0351
5 0.0635 (X1233 0.0563 0.0614 0.1216 0.0540
31 32
1 0.0813 0.1506 0.0501 0.0613 0.1327 0.0334
2 0.0630 0.1113 0.0508 0.0562 0.0459 0.0562
3 0.0938 0T388 0.0868 0.0893 0.1322 0TW18
4 0.0862 0.1247 0.0776 0.0890 0.1291 0.0797
5 0.0826 0.1212 0.0780 0.0824 0.1180 0.0697
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YEARLY MEAN VOLUMETRIC WATER -  SITE 11
Year
1990 1991 1992 1993 1994 1995 1996
Depth Mean Volumetric Water (cubic meters per cubic meters)
Site 11
0.15 0.04029 0.06503 0.08351 0.08659 0.05658 0.06969 0.04235
&25 0.04598 0.06447 0.08497 0.09511 0.06798 0.07418 0.05556
0.50 0.06048 0.06112 0.08391 0.10840 0.08266 0.08121 0.08208
0.75 0.05276 0.05173 0.06324 0.09626 0.07994 0.08610 0.08454
1.00 0.05037 0.05114 0.05261 0.07076 0.07911 0.08894 0.08531
1.25 0.04397 0.04479 0.04529 0.04656 0.06612 0.08238 0.08062
1.50 0.04028 0.04039 0.04089 0.04234 0.04541 0.05958 0.06604
1.75 0.03936 0.03936 0.03945 0.03925 0.04144 0.04600 0.05787
2.00 0.03371 0.03349 0.03379 0.03599 0.03510 0.03463 0.03633
2.25 0.03527 0.03505 0.03587 0.03567 0.03582 0.03527 0.03610
2.50 0.04781 0.04781 0.04804 0.04888 0.04838 0.04838 0.04939
2J5 0.05071 0.04994 0.05059 0.04949 0.05062 0.05068 0.05034
3.00 0.04876 0.04845 0TW82I 0.04898 0.04857 0.04837 0.04832
125 0.04460 0.04412 0.04308 0.04311 0.04408 0.04328 0.04531
150 0.03795 0.03792 0.03733 0TU786 0.03740 0.03718 0.03814
175 0.04053 0.04064 0.04060 0.04179 0.04110 0.04111 0.04181
4.00 0.03159 0.03179 0.03196 0.03228 0.03255 0.03209 0.03310
4.25 0.03390 0.03467 0.03598 0.03547 0.03540 0.03630 0.03561
4.50 0.06206 0.06102 0.06154 0.06203 0.06266 0.06173 0.06251
4.75 0.07158 0.07129 0.07188 0.07009 0.07210 0.07152 0.07140
5.00 0.06684 0.06630 0.06612 0.06754 0.06708 0.06702 0.06747
125 0.07168 0.07246 (107283 0.07251 0.07337 0.07283 0.07240
73
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
YEARLY MEAN VOLUMETRIC WATER -  SITE 11 (cont’d)
Year
Depth
1997 1998 1999 2000 2001 2002
Mean Volumetric Water (cubic meters per cubic meters)
Site 11
0.15 0.06782 0.07795 0.07113 0.05544 0.07405 0.05252
0.25 0.07581 0.08578 0.07870 0.06606 0.07917 0.06462
0.50 0.08505 0.09700 0.08754 0.08417 0.08412 0.07960
0.75 0.08338 0.09438 0.08774 0.08502 0.08254 0.07852
1.00 0.08025 0.09644 0.08994 0.08629 0.08384 0.08114
1.25 0.07856 0.09530 0.08940 0.08310 0.08170 0.07952
1.50 0.06356 0.07698 0.07524 0.07219 0.07182 0.06913
1.75 0.05816 0.07236 0.07484 0.07093 0.07141 0.06901
2.00 (X03826 0.04594 0.05620 (105585 0.05569 0.05343
2.25 0.03532 0.03728 0.04224 0.04518 0.04560 0.04331
2.50 0.04525 0.04653 0.04721 0.05012 0.05153 0.04824
275 0.05086 0.05181 0.05235 0.05470 0.05623 0.05447
3.00 0.04877 0.04959 0.04985 0.05224 0.05338 0.05084
225 0.04610 0.04658 0.04660 0.04834 0.04940 0.04815
3.50 0.03807 0.03787 0.03785 0.03969 0.04008 0.03860
275 0.04219 0.04298 0.04305 0.04524 0.04596 0.04412
4.00 0.03341 0.03366 0.03405 0.03568 0.03704 0.03490
4.25 0.03441 0.03574 0.03614 0.03793 0.03949 0.03684
4.50 0.05728 0.05991 0.06008 0.06251 0.06423 0.06063
4.75 0.07140 0.07222 0.07279 0.07521 0.07831 0.07379
5.00 0.06676 0.06828 0.06800 0.07005 0.07269 0.06921
5.25 0.07164 0.07382 0.07357 0.07605 0.07818 0.07449
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YEARLY MEAN VOLUMETRIC WATER -  SITE 12
Year
1990 1991 1992 1993 1994 1995 1996
Depth Mean Volumetric Water (cubic meters per cubic meters)
Site 12
0.15 0.04160 0.06830 0.08649 0.07851 0.05014 0.07570 0.04090
0.25 0.04731 0.06813 0.08798 0.08083 0.05417 0.06976 0.04945
0.50 0.06534 0.06893 0.08841 0.07868 0.06390 0.06776 0.06689
0.75 0.05464 0.05517 0.07161 0.04628 0.04951 0.06080 0.06488
1.00 0.05122 0.05206 0.05590 0.04381 0.04555 0.04735 0.04988
1.25 0.04877 0.04873 0.04918 0.04075 0.04277 0.04346 0.04489
1.50 0.04068 0.04076 0.04112 0.03461 0.03522 0.03616 0.03669
1.75 0.04044 0.04053 0.04071 0.03255 0.03228 0.03212 0.03204
2.00 0.03642 0.03596 0.03616 0.03683 0.03751 0.03703 0.03819
225 0.03773 0.03714 0.03785 0.04230 0.04190 0.04193 0.04185
250 0.04633 0.04655 0.04618 0.04611 0.04661 0.04636 0.04657
275 0.05396 0.05373 0.05411 0.04750 0.04692 0.04725 0.04741
3.00 0.05102 0.05092 0.05144 0.04551 0.04623 0.04504 0.04676
225 0.04645 0.04559 0.04597 0.04225 0.04227 0.04176 0.04234
250 0.03601 0.03638 0.03617 0.03993 0.04028 (L03988 0.04009
275 0.03815 0.03841 0.03890 (L03788 0.03859 (103857 0.03837
4.00 0.03198 0.03195 0.03310 0.03843 0.03984 0.03886 0.04009
4.25 0.03987 0.04002 0.03987 0.04184 0.04257 0.04203 0.04276
4.50 0.06200 0.06204 0.06275 0.05004 0.05049 0.04952 0.05131
4.75 0.07706 0.07686 0.07491 0.06109 0.06223 0.06063 0.06257
5.00 0.06943 0.06882 (L06838 0.06057 0.06162 0.06255 0.06204
5.25 0.06603 0.06546 0.06570 0.06552 0.06540 0.06424 0.06529
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YEARLY MEAN VOLUMETRIC WATER -  SITE 12 (cont’d)
Year
Depth
1997 1998 1999 2000 2001 2002
Mean Volumetric Water (cubic meters per cubic meters)
Site 12
0.15 0.07679 0.07870 0.06684 0.05533 0.08095 0.05310
&25 0.08097 0.08617 0.07599 0.06438 0.08304 0.06469
0.50 0.08575 0.09884 0TW881 0.08369 0.08984 0.08020
0.75 0.08047 0.09629 0.08899 0.08375 0.08755 0.07930
1.00 0.07846 0.09489 0.08752 0.08345 0.08789 0.07817
1.25 0.07965 0.09737 0.09054 0.08615 0.08912 0.08046
1.50 0.06492 0.08043 0.07867 0.07362 0.07627 0.06882
1.75 0.05922 0.07119 0.07412 0.07193 0TU588 0.06808
2.00 0.04212 0.05027 0TG968 0.05915 0.06423 0TG662
225 0.03908 0.04059 0.04562 0.04928 0.05172 0.04610
2 50 0.04360 0.04477 0.04524 0.04857 0.05197 0.04699
2.75 0.05350 0.05473 0.05510 0.05824 0.06264 0.05647
3.00 0.05133 0.05219 0.05244 0.05467 0.05942 0.05292
225 0.04722 0.04762 0.04785 0.04948 0.05350 0.04827
25 0 0.03660 0.03659 0.03655 (103892 0.04110 0.03708
275 0.03920 0.03940 (103988 0.04224 0.04550 0.04088
4.00 0.03239 (103380 0.03414 (103585 (103838 0.03421
4.25 0.04105 0.04169 0.04257 0.04423 0.04730 0.04378
4.50 0.05776 0.06017 0.06046 0.06294 0.06868 0.06137
4.75 0.07698 (107827 0.07811 0.07944 0.08714 0.07926
5.00 0.06901 0.07018 0.07050 0.07314 0.07973 0.07215
5.25 0.06611 0.06676 (106728 0.06970 0.07564 0.06804
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YEARLY MEAN VOLUMETRIC WATER -  SITE 21
Year
1990 1991 1992 1993 1994 1995 1996
Depth Mean Volumetric Water (cubic meters per cubic meters)
Site 21
0.15 0.03970 0.06482 0.08171 0.08589 0.05763 0.07223 0.04952
0.25 0.03512 0.05454 0.07611 0.09653 0.06801 0.07555 0.06287
0.50 0.03719 0.04182 0.05877 0.10992 0.08377 0.08094 0.08092
0.75 0.04051 0.04093 0.04321 0.10466 0.08307 0.08766 0.08537
1.00 0.04143 0.04130 0.04217 0.08885 0.07986 0.08754 0.08359
1.25 0.04076 0.04082 0.04100 0.05159 0.07448 0.08963 0.08451
1.50 0.03482 0.03481 0.03507 0.04215 0.04885 0.06452 0.06825
1.75 0.03189 0.03120 0.03176 0.04222 0.04321 0.05020 0.06012
2.00 0.03779 0.03732 0.03701 0.03603 0.03767 0.03756 0.04013
225 0.04164 0.04206 0.04184 0.03664 0.03787 0.03742 0.03767
2.50 0.04667 0.04667 0.04679 0.04780 0.04630 0.04620 0.04697
275 0.04871 0.04755 0.04692 0.05560 0.05455 0.05442 0.05384
3.00 0.04584 0.04613 0.04553 0.05072 0.05118 0.05111 0.05101
225 0.04268 0.04178 0.04252 0.04534 0.04644 0.04569 0.04505
250 0.04107 0.04082 0.04050 0.03596 0.03703 0.03653 0.03714
3.75 0.03793 (L03788 0.03856 0.03736 0.03894 0.03900 0.03922
4.00 0.03946 0.03959 0.03942 (L03337 0.03395 0.03329 0.03380
4.25 0.04193 0.04245 0.04242 0.04164 0.04025 0.03957 0.04115
4.50 0.04915 0.04964 0.04902 0.06263 0.06366 0.06262 0.06281
4.75 0.06104 0.06130 0.06106 0.07619 0.07614 0.07430 0.07703
5.00 0.06205 0.06175 0.06250 0.07048 0.07019 0.06840 0.07058
5.25 0.06384 0.06500 0.06490 0.06594 0.06598 0.06581 0.06558
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YEARLY MEAN VOLUMETRIC WATER -  SITE 21 (cont’d)
Year
Depth
1997 1998 1999 2000 2001 2002
Mean Volumetric Water (cubic meters per cubic meters)
Site 21
0.15 0.07805 0.08182 0.06329 0.05619 0.08490 0.04817
0.25 0.07812 0.08313 0.06787 0.06427 0.08503 0.05736
0.50 0.07128 0.08286 0.07290 0.07492 0.08199 0.06815
0.75 0.06650 0.08187 0.07666 0.07835 0.08584 0.07351
1.00 (105283 0.06396 0.06779 0.06900 0.07618 0.06800
1.25 0.04633 0.04787 0.05012 0.05273 0.05924 0.05319
1.50 0.03868 0.03992 0.04071 0.04371 0.05089 0.04510
1.75 0.03170 0.03219 0.03239 0.03411 0.03795 0.03397
2.00 0.03635 0.03751 0.03733 0.03872 0.04318 0.03796
225 0.04156 0.04157 0.04197 0.04322 0.04738 0.04313
2.50 0.04562 0.04600 0.04627 0.04872 0.05253 0.04701
275 0.04842 0.04828 0.04848 0.05070 0.05525 0.04923
3.00 0.04567 0.04616 0.04632 0.04866 (3.05318 0.04600
225 0.04247 0.04283 0.04294 0.04415 0.04888 0.04380
250 0.03967 0.04118 0.04092 0.04296 0.04683 0.04166
3.75 0.03766 0.03874 0.03859 0.03972 0.04515 0.03897
4.00 0.03954 0.04033 0.04041 0.04155 0.04618 0.04087
4.25 0.04273 0.04307 0.04325 0.04532 0.05026 0.04388
4.50 0.05004 0.05060 0.05144 0.05283 0.05869 0.05224
4.75 0.06223 0.06297 0.06305 0.06526 0.07168 0.06401
5.00 0.06108 0.06283 0.06373 0.06509 0.07079 0.06420
5.25 0.06478 0.06624 0.06585 0.06885 0.10942 0.06743
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
YEARLY MEAN VOLUMETRIC WATER -  SITE 22
Year
1990 1991 1992 1993 1994 1995 1996
Depth Mean Volumetric Water (cubic meters per cubic meters)
Site 22
0.15 0.03196 0.05758 0.07291 0.07302 0.04683 0.07032 0.03438
&25 0.02974 0.04849 0.07153 0.07803 0.05174 0.06861 0.04304
0.50 (X03586 0.03957 0.05353 &07898 0.06130 0.06707 0.06558
0.75 0.03920 0.03879 0.04093 0.04311 0.04801 0.05460 0.05693
1.00 0.04001 0.03980 0.04126 0.04210 0.04543 0.04688 0.04974
1.25 0.03993 0.03990 0.04018 0.04090 0.04277 0.04390 0.04510
1.50 0.03907 0.03876 0.03930 0.03925 0.04099 0.04022 0.04154
1.75 0.03126 0TU038 0.03105 0.03076 0.03107 0.03169 0.03187
2.00 0.02848 0.02923 0.02832 0.02888 0.02856 0.02859 0.02950
225 0.03985 0.04089 0.03932 0.04000 0.03941 0.04019 0.04069
2.50 0.04464 0.04529 0.04462 0.04574 0.04478 0.04433 0.04468
275 0.04900 0.04802 0.04902 0.04802 0.04921 0.04889 0.04918
3.00 0.04822 0.04761 0.04769 0.04750 0.04844 0.04867 0.04824
225 0.04620 0.04483 0.04471 0.04506 0.04544 0.04455 0.04629
250 0.03616 0.03544 0.03644 0.03572 1103658 1103682 (103598
3.75 0.03147 0.03114 0.03207 0.03058 0.03176 0.03204 0.03174
4.00 0.03118 0.03113 0.03231 0.03031 0.03176 0.03234 0.03152
4.25 0.04418 0.04364 0.04395 0.04401 0.04466 0.04372 0.04484
4.50 0.04782 0.04770 0.04855 0.04837 0.04903 0.04865 0.04893
4.75 0.05775 0.05853 (L05852 0.05915 0.05922 0.05903 0.05951
5.00 0.06209 0.06181 0.06222 0.06191 0.06239 0.06217 (106299
5.25 0.06283 0.06296 0.06326 0.06268 0.06357 0.06386 0.06330
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YEARLY MEAN VOLUMETRIC WATER -  SITE 22 (cont’d)
Year
Depth
1997 1998 1999 2000 2001 2002
Mean Volumetric Water (cubic meters per cubic meters)
She22
0.15 0.06395 0.06992 0.05321 0.04604 0.06594 0.03793
0.25 0.06829 0.07544 0.06127 0.05681 0.07343 0.04869
0.50 0.06616 0.07887 0.07131 0.07279 0.08125 0.06676
0.75 (105882 0.06849 0.06691 0.06721 0.07451 0.06424
1.00 0.05172 0.05469 0.05840 0.06014 0.06812 0.06095
1.25 0.04713 0.04803 0.04906 0.05192 0.05855 0.05215
1.50 0.04371 0.04466 0.04520 0.04819 0.05410 0.04911
1.75 0.03391 0.03447 0.03471 0TU681 0.04136 0.03667
2.00 0.02709 0.02796 0.02781 0.02917 0.03262 0.02939
225 0.03971 0.04028 0.04072 0.04316 0.04651 0.04147
2.50 0.04275 0.04330 0.04467 0.04615 0.05012 0.04447
275 0.04934 0.04980 0.04982 0.05252 0.05674 0.05057
3.00 0.04700 0.04817 0.04850 0.05108 0.05504 0.04929
225 0.04731 0.04707 0.04686 0.04876 0.05395 0.04776
3.50 0.03631 0.03702 0.03709 (103887 0.04302 0.03801
275 0.03115 0.03217 0.03209 (103366 0.03675 0.03216
4.00 0.03036 0.03089 0.03105 (103225 (103563 0.03087
4.25 0.04468 0.04529 0.04546 0.04777 0.05214 0.04612
4.50 0.04802 0.04921 0.04960 0.05130 (105608 0.05077
4.75 0.05912 0.05995 0.06075 0.06283 0.06852 0.06174
5.00 0.06211 (106366 0.06320 0.06314 0.07234 0.06400
5.25 0.06307 0.06410 0.06399 (106722 0.10592 0.06526
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YEARLY MEAN VOLUMETRIC WATER -  SITE 31
Year
1990 1991 1992 1993 1994 1995 1996
Depth Mean Volumetric Water (cubic meters per cubic meters)
Site 31
0.15 0.05358 0.09482 0.11908 0.12895 0.07457 0.10392 0.06126
&25 0.05531 0.08791 0.10524 0.12232 0.07293 0.09161 0.06507
0.50 0.06649 0.07793 0.08947 0.11198 0.07207 0.07845 0.07128
0.75 0.06569 0.07106 0.08118 0.09735 0.07185 0.07873 0.07498
1.00 0.05882 0.06118 0.06911 0.08176 0.07274 0.07502 0.07738
1.25 0.04955 0.04973 0.05236 0.05985 0.06428 0.07089 0.07414
1.50 0.04880 0.04979 0.05044 0.05084 0.05603 0.06464 0.07030
1.75 0.04918 0.04859 0.04915 0.04907 0.05109 0.05267 0.05467
2.00 0.06712 0.06707 0.06738 0.06444 0.06793 0.06865 0.06888
225 0.07945 0.07846 0.07879 0.07955 0.07940 0.08005 0.07892
250 0.09617 0.09483 0.09420 0.09769 0.09460 0.09488 0.09475
275 0.09719 0.09671 0.09774 0.09674 0.09736 0.09824 0.09444
3.00 0.10053 0.10048 0.09932 0.10090 0.10147 0.09911 0.10092
3.25 0.09295 0.09438 0.09267 0.09397 0.09492 0.09319 0.09217
250 0.10141 0.10012 0.09758 0.09457 0.10036 0.09785 0.09914
3.75 0.09181 0.08966 0.08878 0.08708 0.09035 (L08858 0.08957
4.00 0.08991 0.09019 0.08780 0.09150 0.08756 0.08727 0.08847
425 0.07554 0.07462 0.07489 0.07444 0.07467 0.07497 0.07273
4.50 0.07595 0.07511 0.07415 0.07544 0.07548 0.07152 0.07487
4.75 0.08343 0.08199 0.08130 0.08107 0.08313 0.07966 0.08219
5.00 0.08005 0.08069 0.08048 0.07894 0.08176 0.08137 0.08011
5.25 0.08511 0.08279 0.08300 0.08613 0.08459 0.08251 0.08381
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YEARLY MEAN VOLUMETRIC WATER -  SITE 31 (cont’d)
Year
Depth
1997 1998 1999 2000 2001 2002
Mean Volumetric Water (cubic meters per cubic meters)
Site 31
0.15 0.11054 0.11436 0.08959 0.07873 0.12074 0.07244
0.25 0.09489 0.10350 0.08165 0.07943 0.10419 0.07018
0.50 0.07923 0.09259 0.07529 0.08074 0.09059 0.06989
0.75 0.07414 0.08861 0.07795 0.08192 0.09141 0.07157
1.00 0.07386 0.08341 0.07948 0.08150 0.08978 0.07648
1.25 0.06954 0.07865 0.07647 0.07952 0.08493 0.07481
1.50 0.06880 0.08179 0.07867 0.08035 0.08685 0.07752
1.75 0.05593 0.07342 0.07399 0.07500 0.08441 0.07176
2.00 0.06359 0.08030 0.08455 0.08447 0.09355 0.08044
2.25 0.07494 0.08056 0.08615 0.09194 0.10004 0.08655
250 0.08731 0.09007 0.09154 0.09862 0.10491 0.09229
275 0.09377 0.09627 0.09760 0.10381 0.11283 0.09714
3.00 (109854 0.10220 0.10197 0.10702 0.11797 0.10166
225 0.09100 0.09253 0.09139 0.09681 0.10956 0.09402
250 0.09764 0.09975 0.09915 0.10590 0.11405 0.09789
275 0.08948 0.08771 0.08725 0.09330 0.09978 (108827
4.00 0.08880 0.08921 (108841 0.09347 0.10166 0.08979
4.25 0.07210 0.07412 (107388 0.07875 0.08649 0.07517
4.50 0.07163 (107328 0.07226 0.07773 0.08580 0.07463
4.75 0.07990 0.08146 0.08125 0.08798 0.09558 0.08176
5.00 0.07735 (107943 0.07820 (108225 0.09244 (108025
5.25 0.07989 (108265 (108248 0.08708 0.09535 (108243
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YEARLY MEAN VOLUMETRIC WATER -  SITE 32
Year
1990 1991 1992 1993 1994 1995 1996
Depth Mean Volumetric Water (cubic meters per cubic meters)
She 32
0.15 0.04281 0.07999 0.10311 0.11041 0.06106 0.08354 0.04480
0.25 0.04696 0.07987 0.10187 0.11948 0.06545 0TW22I 0.04866
0.50 0.04964 0.06080 0.07288 0.08899 0.05240 0.05848 0.04948
0.75 0.02515 0.02704 0.03174 0.03893 0.03165 0.03183 0.03045
1.00 0.03842 0.04029 0.04248 0.04552 0.05083 0.05195 0.05547
1.25 0.05312 0.05331 0.05443 0.05825 0.06118 0.06512 0.07007
1.50 0.05571 0.05475 0.05416 0.05903 0.05993 0.05996 0.06076
1.75 0.05135 0.05175 0.05362 0.05223 0.05512 0.05448 0.05502
2.00 0.05865 0.05920 0.05892 0.06037 0.06197 0.06022 0.06126
225 0.07343 0.07121 0.07386 0.06803 0.07204 0.07197 0.07253
250 0.08771 0.08708 0.08734 0.08856 0.08971 0.08649 0.08812
275 0.08465 (1.08335 (L08337 0.08345 0.08291 0.08272 0.08353
3.00 0.09537 0.09673 0.09736 0.10077 0.10048 0.09768 0.09830
225 0.10447 0.10424 0.10371 0.10380 0.10452 0.10233 0.10471
250 0.09189 0.09081 0.08934 0.08795 0.08900 0.08770 0.08996
275 0.09523 0.09741 0.09717 0.09691 0.09885 0.09717 0.09914
4.00 0.09649 0.09164 0.09447 0.09761 0.09560 0.09444 0.09535
4.25 0.08219 0.08045 0.08074 0.08020 0.08244 0.07982 0.07942
4.50 0.07839 (1.07812 0.07797 0.07868 0.07864 0.07887 0.07745
4.75 0.07463 0.07494 0.07429 0.07583 0.07421 0.07264 0.07236
5.00 0.07271 0.07128 0.07238 0.07167 0.07370 0.07124 0.07206
5.25 0.09886 0.10147 0.10181 0.10345 0.10108 (L10282 0.09932
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YEARLY MEAN VOLUMETRIC WATER -  SITE 32 (cont’d)
Year
Depth
1997 1998 1999 2000 2001 2002
Mean Volumetric Water (cubic meters per cubic meters)
Site 32
0.15 0.09201 0.09731 0.07640 0.05831 0.10067 0.05922
0.25 0.09497 0.10138 0.07800 0.06408 0.10028 0.06854
0.50 0.06572 0.07762 0.05995 0.05969 0.07534 0.05496
0.75 0.02748 0.03597 0.03118 0.03393 0.04500 0.03180
1.00 0.03682 0.04614 0.04990 0.05329 0.06694 0.05337
1.25 0.06333 0.06945 0.07445 0.07538 0.08652 0.07400
1.50 0.06203 0.06816 0.07275 0.07660 0.08618 0.07550
1.75 0.05524 0.06109 0.06690 0.06936 0.08012 0.06818
2.00 0.05813 0.06143 0.06459 0.06686 0.07691 0.06640
2.25 0.07215 0.07392 0.07618 0.07977 0.09222 0.07812
250 0.08264 0.08465 0.08606 0.09081 0.10114 0.08711
275 0.08059 0.08175 0.08135 0.08545 0.09619 0.08407
3.00 0.09223 0.09287 &09332 0.09300 0.10762 0.09375
225 0.10436 0.10694 0.10693 0.10873 0.12193 0.10955
250 0.08613 0.08990 (L08869 0.09074 0.10285 (108997
275 0.09583 0.09727 0.09772 0.10221 0.11178 0.09710
4.00 0.09498 0.09610 0.09618 0.10005 0.11009 0.09534
4.25 0.07517 0.08066 0.08130 0.08125 0.09345 (108226
4.50 0.07564 0.07862 0.07858 0.08097 0.09035 0.07840
4.75 0.07274 0.07365 0.07491 0.07743 0.08684 0.07636
5.00 0.06907 0.07084 0.07042 0.07177 0.08125 0.07052
5.25 0.09653 0.09984 0.09315 0.09946 0.11196 0.09854
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER EOR SITE 11
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 11
Layer 1990 1991
Mean Maximum Minimum Mean Maximum Minimum
1 0.04773 0.05155 0.04447 0.05410 0.06706 0.04615
2 0.03904 0.04011 0.03796 0.03893 0.04006 0.03763
3 0.04551 0.04673 0.04418 0.04511 0.04640 0.04390
4 0.04202 0.04349 0.04069 0.04203 0.04389 0.04088
5 0.07003 0.07167 0.06848 0.07002 0.07143 0.06871
1992 1993
1 0.06492 0.07593 0.05259 0.07800 0.07800 0.07800
2 0.03929 0.04014 0.03807 0.03995 0.03995 0.03995
3 0.04480 0.04592 0.04376 0.04486 0.04486 0.04486
4 0.04252 0.04419 0.04138 0.04289 0.04289 0.04289
5 0.07028 0.07144 0.06939 0.07005 0.07005 0.07005
1994 1995
1 0.06826 0.07277 0.06391 0.07744 0.09137 0.06487
2 0.04018 0.04073 0.03971 0.04107 0.04438 0.03920
3 0.04517 0.04563 0.04445 0.04488 0.04536 0.04438
4 0.04293 0.04377 0.04195 0.04281 0.04378 0.04194
5 0.07085 0.07146 0.07005 0.07046 0.07097 0.07002
1996 1997
1 0.07093 0.07233 0.06953 0.07635 0.08216 0.07049
2 0.04492 0.04559 0.04425 0.04425 0.04433 0.04417
3 0.04553 0.04577 0.04529 0.04595 0.04595 0.04595
4 0.04326 0.04352 0.04299 0.04182 0.04182 0.04182
5 0.07042 0.07084 0.07001 0.06993 0.06993 0.06993
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER FOR SITE 11 (cont’d)
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 11
Layer 1998 1999
Mean Maximum Minimum Mean Maximum Minimum
1 0.08912 0.10583 0.07645 0.08281 0.08671 0.07751
2 0.05053 0.05676 0.04408 0.05512 0.05622 0.05360
3 0.04646 0.04691 0.04599 0.04666 0.04714 0.04620
4 0.04307 0.04365 0.04248 0.04333 0.04390 0.04273
5 0.07144 0.07235 0.07035 0.07145 0.07292 0.07043
2000 2001
1 0.07604 0.08765 0.06578 0.07960 0.08803 0.07175
2 0.05552 0.06001 0.05317 0.05606 0.06086 0.05273
3 0.04874 0.05287 0.04612 0.04977 0.05479 0.04665
4 0.04534 0.04826 0.04362 0.04668 0.05285 0.04310
5 0.07377 0.07749 0.07151 0.07639 0.08553 0.07088
2002
1 0.07215 0.07310 0.07078
2 0.05350 0.05381 0.05312
3 0.04801 0.04848 0.04755
4 0.04412 0.04454 0.04370
5 0.07250 0.07282 0.07218
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER FOR SITE 12
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 12
Layer 1990 1991
Mean Maximum Minimum Mean Maximum Minimum
1 0.04994 0.05346 0.04694 0.05744 0.07393 0.04784
2 0.04023 0.04159 0.03892 0.04004 0.04139 0.03881
3 0.04686 0.04793 0.04605 0.04665 0.04804 0.04541
4 0.04300 0.04402 0.04126 0.04310 0.04493 0.04212
5 0.07084 0.07245 0.06982 0.07038 0.07182 0.06946
1992 1993
1 0.06867 0.08131 0.05598 0.05764 0.05764 0.05764
2 0.04023 0.04115 0.03931 0.03945 0.03945 0.03945
3 0.04692 0.04777 0.04576 0.04380 0.04380 0.04380
4 0.04365 0.04441 0.04278 0.04205 0.04205 0.04205
5 0.06966 0.07073 0.06874 0.06239 0.06239 0.06239
1994 1995
1 0.04875 0.05308 0.04415 0.05728 0.06793 0.04803
2 0.03957 0.04027 0.03904 0.03936 0.03992 0.03898
3 0.04392 0.04455 0.04308 0.04348 0.04401 0.04303
4 0.04287 0.04326 0.04248 0.04224 0.04262 0.04191
5 0.06308 0.06383 0.06190 0.06247 0.06332 0.06167
1996 1997
1 0.05051 0.05193 0.04909 0.07814 0.08091 0.07538
2 0.03966 0.03981 0.03951 0.04600 0.04636 0.04565
3 0.04415 0.04418 0.04412 0.04716 0.04716 0.04716
4 0.04314 0.04340 0.04287 0.04260 0.04260 0.04260
5 0.06330 0.06370 0.06291 0.07070 0.07070 0.07070
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER FOR SITE 12 (cont’d)
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 12
Layer 1998 1999
Mean Maximum Minimum Mean Maximum Minimum
1 0.09038 0.10944 0.07558 0.08248 0.08840 0.07567
2 0.05170 0.05808 0.04554 0.05616 0.05715 0.05442
3 0.04778 0.04836 0.04704 0.04798 0.04858 0.04715
4 0.04376 0.04459 0.04259 0.04427 0.04488 0.04371
5 0.07174 0.07283 0.07084 0.07197 0.07274 0.07140
2000 2001
1 0.07577 0.08964 0.06375 0.08495 0.10551 0.07122
2 0.05723 0.06373 0.05436 0.06095 0.07351 0.05397
3 0.05032 0.05557 0.04742 0.05416 0.06586 0.04748
4 0.04631 0.04974 0.04413 0.04996 0.06097 0.04392
5 0.07409 0.07880 0.07150 0.08083 0.09766 0.07206
2002
1 0.07210 0.07343 0.07059
2 0.05445 0.05469 0.05423
3 0.04869 0.04899 0.04838
4 0.04506 0.04519 0.04493
5 0.07315 0.07351 0.07279
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER EOR SITE 21
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 21
Layer
1990 1991
Mean Maximum Minimum Mean Maximum Minimum
1 0.03850 0.04296 0.03492 0.04558 0.06609 0.03652
2 0.03950 0.04160 0.03827 0.03931 0.04078 0.03824
3 0.04457 0.04598 0.04316 0.04407 0.04510 0.04310
4 0.04212 0.04322 0.04046 0.04239 0.04333 0.04165
5 0.06231 0.06455 0.06075 0.06268 0.06359 0.06180
1992 1993
1 0.05401 0.06705 0.04170 0.08280 0.08280 (108280
2 0.03935 0.04110 0.03845 0.04067 0.04067 0.04067
3 0.04387 0.04462 0.04304 0.04691 0.04691 0.04691
4 0.04236 0.04324 0.04119 0.04375 0.04375 0.04375
5 0.06282 0.06375 0.06199 0.07087 0.07087 0.07087
1994 1995
1 0.07081 0.07475 0.06698 0.07972 0.09343 0.06755
2 0.04126 0.04213 0.04025 0.04284 0.04635 0.04006
3 0.04730 0.04784 0.04689 0.04694 0.04754 0.04618
4 0.04420 0.04489 0.04337 0.04362 0.04404 0.04323
5 0.07077 0.07210 0.06862 0.06950 0.07097 0.06825
1996 1997
1 0.07357 0.07606 0.07109 0.06169 0.06488 0.05849
2 0.04622 0.04674 0.04570 0.03881 0.03893 0.03869
3 0.04676 0.04711 0.04641 0.04406 0.04406 0.04406
4 0.04425 0.04466 0.04384 0.04249 0.04249 0.04249
5 0.07106 0.07151 0.07062 0.06270 0.06270 0.06270
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER FOR SITE 21 (cont’d)
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 21
Layer 1998 1999
Mean Maximum Minimum Mean Maximum Minimum
1 0.06878 &09292 0.05699 0.06276 0.06562 0.05773
2 0.03932 0.03990 0.03854 0.03949 0.04022 0.03871
3 0.04461 0.04517 0.04402 0.04466 0.04519 0.04417
4 0.04318 0.04388 0.04255 0.04342 0.04416 0.04284
5 0.06401 0.06493 0.06317 0.06421 0.06524 (106351
2000 2001
1 0.06274 0.07388 0.05387 0.07487 0.09156 0.06248
2 0.04119 0.04632 0.03862 0.04526 0.05632 0.03904
3 0.04662 0.05015 0.04460 0.05103 0.06337 0.04462
4 0.04486 0.04795 0.04296 0.05007 0.06256 0.04359
5 0.06640 0.07126 0.06379 0.08396 (112329 (106378
2002
1 0.05907 0.06018 0.05753
2 0.04052 0.04089 0.04011
3 0.04517 0.04551 0.04484
4 0.04399 0.04437 0.04361
5 0.06521 0.06573 0.06470
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER FOR SITE 22
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 22
Layer 1990 1991
Mean Maximum Minimum Mean Maximum Minimum
1 0.03654 0.04070 (103423 0.04327 0.06205 0.03466
2 0.03606 (103735 0.03476 0.03645 0.04125 0.03491
3 0.04489 0.04605 0.04383 0.04398 0.04557 (103984
4 0TU866 (103996 0.03774 0.03840 (103943 0.03752
5 0.06089 0.06230 0.05934 0.06110 (106239 0.05995
1992 1993
1 0.05138 (106359 0.03994 0.05648 0.05648 0.05648
2 0TU583 (103699 0.03475 0.03635 0.03635 0.03635
3 0.04446 0.04569 0.04252 0.04407 0.04407 0.04407
4 0.03922 0.04014 (103838 0.03832 (103832 (103832
5 0.06134 0.06218 0.06036 0.06125 0.06125 0.06125
1994 1995
1 0.04815 0.05241 0.04327 0.05594 0.06672 0.04712
2 0.03596 (103667 0.03526 (103620 (103672 (103568
3 0.04492 0.04569 0.04417 0.04473 0.04546 0.04414
4 0.03930 (103998 (103855 0.03919 (103968 (103861
5 0.06173 0.06244 0.06118 0.06168 (106259 0.06115
1996 1997
1 0.04805 0.05000 0.04609 0.05711 (105986 0.05436
2 0.03668 0.03706 0.03630 (103586 0.03592 0.03581
3 0.04492 0.04516 0.04468 0.04499 0.04499 0.04499
4 0.03926 0.03944 0.03908 0.03855 0.03855 (103855
5 (106193 0.06221 0.06165 0.06143 0.06143 0.06143
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER EOR SITE 22 (cont’d)
Year
Mean Volumetric Water (cubic meters per cubic meters)
She22
Layer
1998 1999
Mean Maximum Minimum Mean Maximum Minimum
1 0.06287 0.08386 0.05349 0.05791 0.06109 0.05252
2 0.03650 0.03726 0.03580 0.03698 0.03858 0.03611
3 0.04551 0.04612 0.04474 0.04557 0.04619 0.04498
4 0.03939 0.03994 0.03873 0.03955 0.04009 0.03879
5 0.06257 0.06312 0.06166 0.06265 0.06334 0.06175
2000 2001
1 0.05758 0.06713 0.05085 0.06799 0.08527 0.05597
2 0.03882 0.04361 0.03651 0.04265 (105337 0.03679
3 0.04781 0.05244 0.04529 0.05219 0.06483 0.04521
4 0.04124 0.04480 0.03920 0.04515 0.05630 0.03940
5 0.06440 0.07087 0.05940 0.08226 0.12163 0.06161
2002
1 0.05426 0.05543 0.05274
2 0.03800 0.03833 0.03764
3 0.04641 0.04664 0.04618
4 0.03998 0.04037 0.03959
5 0.06367 0.06381 0.06352
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER FOR SITE 31
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 31
Layer
1990 1991
Mean Maximum Minimum Mean Maximum Minimum
1 0.06027 0.07347 0.05246 0.08293 (X13862 0.06029
2 0.05469 0.05864 0.05209 0.05527 0.05963 0.05164
3 0.09326 (L097I2 0.08899 0.09297 0.09577 0.09007
4 0.08692 0.09030 0.08384 0.08594 0.08943 0.08125
5 0.08286 (L089I2 0.07913 (L08I82 0.08405 0.07942
1992 1993
1 0.09874 0.12819 0.06911 0.11515 0.11515 0.11515
2 0.05769 0.06157 0.05439 0.06119 0.06119 0.06119
3 0.09254 0.09447 0.08973 0.09377 0.09377 0.09377
4 0.08464 0.08724 0.08035 0.08461 0.08461 0.08461
5 0.08159 0.08379 0.07952 0.08205 0.08205 0.08205
1994 1995
I 0.07285 0.08160 0.06367 (X08818 0.10959 0.07062
2 0.06241 0.06389 0.06016 0.06637 0.07074 0.06014
3 0.09355 0.09458 0.09276 0.09309 0.09500 0.09121
4 0.08568 0.08677 0.08431 0.08404 0.08550 0.08225
5 (L08316 0.08444 0.08161 0.08118 0.08257 0.07985
1996 1997
0.06815 1X07188 0.06441 0.08970 0.09633 0.08307
0.06908 0.07018 0.06797 0.06635 0.06672 0.06597
0.09224 0.09321 0.09128 0.08911 0.08911 0.08911
0.08496 0.08583 0.08409 0.08393 0.08393 0.08393
0.08204 0.08252 0.08156 0.07905 0.07905 0.07905
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER EOR SITE 31 (cont’d)
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 31
Layer 1998 1999
Mean Maximum Minimum Mean Maximum Minimum
1 0.09977 0.13416 0.07739 0.08112 0.09036 0.06974
2 0.07951 0.08973 0.06603 0.07863 0.08063 0.07689
3 0.09233 0.09489 0.08928 0.09373 0.09538 0.09260
4 0.08482 0.08634 0.08323 0.08419 0.08566 0.08285
5 0.08118 0.08267 0.08011 0.08064 0.08226 0.07878
2000 2001
1 0.08020 0.10200 0.06390 0.10173 0.12996 (108359
2 0.08017 0.09405 0.07496 0.08790 0.11134 0.07467
3 0.09964 0.11143 (X09319 0.10906 (L13883 0.09350
4 0.08983 0.10053 0.08336 0.09756 0.12467 (108294
5 0.08577 0.09409 0.08115 0.09446 0.12119 (108038
2002
1 0.07102 0.07306 0.06846
2 0.07620 0.07734 0.07521
3 0.09433 0.09481 0.09385
4 0.08515 0.08575 0.08454
5 0.08148 0.08180 0.08115
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER EOR SITE 32
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 32
Layer
1990 1991
Mean Maximum Minimum Mean Maximum Minimum
1 0.04114 0.05248 0.03359 0.06193 0.12449 0.03600
2 0.05145 0.05544 0.04769 0.05186 0.05574 0.04772
3 0.08913 0.09335 0.08491 0.08852 0.09178 0.08359
4 0.08884 0.09805 0.08427 0.08769 0.09124 0.08223
5 0.08207 0.08528 0.07652 0.08256 0.08654 0.07907
1994 1995
1 0.05264 0.06438 0.04289 0.06402 0.08266 0.04777
2 0.05781 0.06040 0.05490 0.05835 0.06047 0.05658
3 0.08993 0.09171 0.08811 0.08824 0.08985 0.08621
4 0.08891 0.09045 0.08757 0.08760 0.08846 0.08667
5 0.08300 0.08475 0.08160 0.08223 0.08337 0.08096
1992 1993
1 0.07740 0.10170 0.05053 0.08945 0.08945 0.08945
2 0.05272 0.05734 0.04898 0.05508 0.05508 0.05508
3 (L089I3 0.09293 0.08605 0.08892 0.08892 0.08892
4 0.08794 0.08993 0.08543 0.08827 0.08827 0.08827
5 0.08283 0.08535 0.08005 0.08365 0.08365 0.08365
1996 1997
1 0.04335 0.04747 0.03922 0.07004 0.07477 0.06531
2 0.06051 0.06170 0.05933 0.05511 0.05574 0.05448
3 0.08944 0.09008 0.08880 0.08640 0.08640 0.08640
4 0.08827 0.08938 0.08715 0.08555 0.08555 0.08555
5 0.08125 0.08197 0.08052 0.07945 0.07945 0.07945
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YEARLY MEAN VOLUMETRIC WATER -  BY LAYER FOR SITE 32 (cont’d)
Year
Mean Volumetric Water (cubic meters per cubic meters)
Site 32
Layer 1998 1999
Mean Maximum Minimum Mean Maximum Minimum
1 0.07807 0.10433 0.05973 0.06138 0.07223 0.04833
2 0.06125 0.06719 0.05461 0.06572 0.06764 (106368
3 0.08803 0.09021 0.08605 0.08877 0.09001 0.08749
4 0.08851 0.08971 0.08711 0.08850 0.09055 (108683
5 0.08144 (L08356 0.07975 0.07949 0.08343 (107033
2000 2001
1 0.05400 0.08160 0.03692 0.08032 0.10459 0.06451
2 0.06830 (107361 0.06562 0.07933 (110222 0.06632
3 0.09155 0.09775 0.08777 0.10382 0.13219 0.08801
4 0.09104 0.09679 0.08760 0.10171 0.12909 (108693
5 0.08289 0.08811 0.07980 0.09335 0.11795 0.08066
2002
1 0.05363 0.05606 0.05008
2 0.06749 0.06859 0.06655
3 0.09052 0.09103 0.09002
4 0.08861 0.08976 0.08746
5 0.08181 0.08220 0.08142
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APPENDIX B
YEARLY UNSATURATED HYDRAULIC CONDUCTIVITY BY LAYER
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VAN GENUCHTEN (1980) CALCULATIONS -  BY LAYER FOR SITE 11
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Unsaturated Hydraulic Conductivity (centimeters per second)
Site 11
Year
ayci
1990 1991 1992 1993 1994 1995 1996
1 2.84E-09 2.85E-09 2.85E-09 1.43E-09 2.35E-09 1.27E-09 6.15E-10
2 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.84E-09
3 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09
4 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.84E-09
5 3.53E-08 3.53E-08 3.5 IE-08 3.52E-08 3.46E-08 3.50E-08 3.50E-08
1997 1998 1999 2000 2001 2002
1 9.42E-10 2.82E-09 2.39E-09 8.5IE-10 1.83E-09 4.84E-10
2 2.84E-09 2.85E-09 2.86E-09 2.86E-09 2.86E-09 2.85E-09
3 2.84E-09 2.84E-09 2.84E-09 2.85E-09 2.85E-09 2.84E-09
4 2.83E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09
5 3.53E-08 3.34E-08 3.34E-08 3.59E-08 3.62E-08 2.00E-08
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VAN GENUCHTEN (1980) CALCULATIONS -  BY LAYER FOR SITE 12
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Unsaturated Hydraulic Conductivity (centimeters per second)
Site 12
Yearayci
1990 1991 1992 1993 1994 1995 1996
1 2.85E-09 2.86E-09 1.89E-09 2.86E-09 2.82E-09 2.86E-09 2.83E-09
2 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09
3 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09
4 2.84E-09 2.84E-09 2.84E-09 2.83E-09 2.83E-09 2.83E-09 2.84E-09
5 3.46E-08 3.51E-08 3.54E-08 3.58E-08 3.58E-08 3.58E-08 3.58E-08
1997 1998 1999 2000 2001 2002
1 1.47E-09 2.66E-09 2.34E-09 7.73E-10 2.61E-09 2.84E-09
2 2.84E-09 2.85E-09 2.86E-09 2.86E-09 2.59E-09 2.86E-09
3 2.84E-09 2.84E-09 2.84E-09 2.85E-09 2.86E-09 2.85E-09
4 2.83E-09 2.84E-09 2.84E-09 2.84E-09 2.85E-09 2.84E-09
5 3.48E-08 3.21E-08 3.04E-08 3.62E-08 3.64E-08 6.34E-09
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VAN GENUCHTEN (1980) CALCULATIONS -  BY LAYER FOR SITE 21
Unsaturated Hydraulic Conductivity (centimeters per second)
Site 21
Layer
Year
1990 1991 1992 1993 1994 1995
o'
3
O 1997 1998 1999 2000 2001 2002
■D
o 1 2.88E-09 2.06E-09 2.90E-09 2.77E-09 5.53E-I0 2.85E-09
3 "
CT 2 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.84E-09 2.83E-09
1—H
CD
Q . 3 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.85E-09 2.84E-09
g 4 2.83E-09 2.84E-09 2.84E-09 2.84E-09 2.85E-09 2.84E-09
5o 5 3.58E-08 3.58E-08 3.58E-08 3.58E-08 3.64E-08 3.58E-08
1996
1 2.83E-09 2.84E-09 2.85E-09 2.38E-09 6.68E-10 1.86E-09 4.65E-10
2 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.84E-09
3 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09
4 2.83E-09 2.83E-09 2.83E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09
5 3.58E-08 3.58E-08 3.58E-08 3.46E-08 3.47E-08 3.55E-08 3.43E-08
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VAN GENUCHTEN (1980) CALCULATIONS -  BY LAYER FOR SITE 22
Layer
Unsaturated Hydraulic Conductivity (centimeters per second)
Site 22
Year
1990 1991 1992 1993 1994 1995 1996
1 2.82E-09 2.84E-09 2.85E-09 2.86E-09 2.84E-09 2.86E-09 2.84E-09
2 2.82E-09 2.82E-09 2.82E-09 2.82E-09 2.82E-09 2.82E-09 2.82E-09
3 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.84E-09
4 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.83E-09
5 3.58E-08 3.58E-08 3.58E-08 3.58E-08 3.58E-08 3.58E-08 3.58E-08
1997 1998 1999 2000 2001 2002
1 2.86E-09 2.90E-09 2.86E-09 2.86E-09 5.69E-10 2.86E-09
2 2.82E-09 2.82E-09 2.82E-09 2.83E-09 2.83E-09 2.83E-09
3 2.84E-09 2.84E-09 2.84E-09 2.84E-09 2.85E-09 2.84E-09
4 2.83E-09 2.83E-09 2.83E-09 2.83E-09 2.84E-09 2.83E-09
5 3.58E-08 3.58E-08 3.58E-08 3.58E-08 3.64E-08 3.58E-08
T3
CD
C/)(/)
:xj
CD
■o
0 
Q .
1
■o
CD
(/)(g
o '3
8
c5'
3
CD
C
3 -
3 "
CD
3~o
IC
a
o
3
■o
o
&
oc
VAN GENUCHTEN (1980) CALCULATIONS -  BY LAYER FOR SITE 31
oK»
Unsaturated Hydraulic Conductivity (centimeters per second)
Site 31
Year
ay ci
1990 1991 1992 1993 1994 1995 1996
1 4.89E-09 3.92E-09 4.80E-09 4.80E-09 1.47E-09 4.67E-09 5.00E-09
2 1.07E-07 1.07E-07 1.05E-07 6.34E-08 2.12E-08 1.20E-07 1.92E-08
3 3.63E-08 3.63E-08 3.64E-08 3.62E-08 3.63E-08 3.63E-08 3.64E-08
4 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08
5 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08
1997 1998 1999 2000 2001 2002
1 4.76E-09 4.80E-09 4.87E-09 4.87E-09 4.8 IE-09 4.96E-09
2 1.9 IE-08 1.95E-08 1.95E-08 I.96E-08 I.99E-08 1.94E-08
3 3.64E-08 3.64E-08 3.62E-08 2.17E-08 3.30E-08 3.55E-08
4 3.63E-08 3.63E-08 3.63E-08 3.64E-08 3.66E-08 3.63E-08
5 3.63E-08 3.63E-08 3.63E-08 3.62E-08 3.46E-08 3.63E-08
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VAN GENUCHTEN (1980) CALCULATIONS -  BY LAYER FOR SITE 32
ow
Unsaturated Hydraulic Conductivity (centimeters per second)
Ske32
Layer Year
1990 1991 1992 1993 1994 1995
1997 1998 1999 2000 2001 2002
■D
Q 1 4.93E-09 1.44E-09 4.87E-09 4.72E-09 2.93E-09 4.71E-09
3 " 2 1.07E-07 6.08E-08 1.I9E-07 1.92E-08 1.95E-08 1.91E-08
1—H
Q. 3 3.63E-08 3.64E-08 3.64E-08 3.64E-08 2.02E-08 3.64E-08
g 4 3.63E-08 3.64E-08 3.64E-08 3.64E-08 6.12E-09 3.64E-08
5O 5 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08
1996
1 4.85E-09 4.87E-09 4.95E-09 4.75E-09 4.68E-09 4.90E-09 4.42E-09
2 1.07E-07 1.07E-07 1.07E-07 1.07E-07 I.04E-07 1.03E-07 8.33E-08
3 3.64E-08 3.64E-08 3.64E-08 3.64E-08 3.64E-08 3.64E-08 3.64E-08
4 3.64E-08 3.63E-08 3.64E-08 3.64E-08 3.64E-08 3.63E-08 3.64E-08
5 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08 3.63E-08
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GREEN AND COREY (1971) CALCULATIONS -  BY LAYER FOR SITE 11
Unsaturated Hydraulic Conductivity (centimeters per second)
Site 11
Year
CD■o
II §
3
■o
O
&
ay Cl
1990 1991 1992 1993 1994 1995 1996
1 2.2 IE-09 2.34E-09 2.55E-09 2.82E-09 2.62E-09 2.80E-09 2.67E-09
2 2.04E-09 2.03E-09 2.04E-09 2.05E-09 2.06E-09 2.08E-09 2.I5E-09
3 2.17E-09 2.I6E-09 2.15E-09 2.15E-09 2.16E-09 2.15E-09 2.17E-09
4 2.I0E-09 2.10E-09 2.11E-09 2.1 IE-09 2.11E-09 2.11E-09 2.12E-09
5 3.06E-08 3.06E-08 3.07E-08 3.06E-08 3.08E-08 3.07E-08 3.07E-08
1997 1998 1999 2000 2001 2002
1 2.78E-09 3.04E-09 2.91E-09 2.78E-09 2.85E-09 2.70E-09
2 2.14E-09 2.27E-09 2.36E-09 2.37E-09 2.38E-09 2.33E-09
3 2.17E-09 2.18E-09 2.19E-09 2.23E-09 2.25E-09 2.22E-09
4 2.09E-09 2.12E-09 2.12E-09 2.16E-09 2.19E-09 2.I4E-09
5 3.06E-08 3.09E-08 3.09E-08 3.14E-08 3.20E-08 3.I2E-08
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GREEN AND CORE Y (1971) CALCULATIONS -  BY LAYER FOR SITE 12
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Unsaturated Hydraulic Conductivity (centimeters per second)
Site 12
Yearay Cl
1990 1991 1992 1993 1994 1995 1996
1 2.25E-09 2.40E-09 2.63E-09 2.41E-09 2.23E-09 2.40E-09 2.27E-09
2 2.06E-09 2.06E-09 2.06E-09 2.04E-09 2.05E-09 2.04E-09 2.05E-09
3 2.19E-09 2.19E-09 2.19E-09 2.13E-09 2.13E-09 2.13E-09 2.14E-09
4 2.12E-09 2.12E-09 2.13E-09 2.10E-09 2.11E-09 2.10E-09 2.12E-09
5 3.08E-08 3.07E-08 3.05E-08 2.90E-08 2.91E-08 2.90E-08 2.92E-08
1997 1998 1999 2000 2001 2002
1 2.82E-09 3.06E-09 2.91E-09 2.77E-09 2.96E-09 2.70E-09
2 2.20E-09 2.29E-09 2.38E-09 2.40E-09 2.47E-09 2.34E-09
3 2.20E-09 2.21E-09 2.22E-09 2.26E-09 2.34E-09 2.23E-09
4 2.11E-09 2.13E-09 2.14E-09 2.18E-09 2.25E-09 2.16E-09
5 3.08E-08 3.10E-08 3.10E-08 3.15E-08 3.30E-08 3.13E-08
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GREEN AND COREY (1971) CALCULATIONS -  BY LAYER FOR SITE 21
Unsaturated Hydraulic Conductivity (centimeters per second)
Site 21
Year
a y  C l
1990 1991 1992 1993 1994 1995 1996
1 2.03E-09 2.17E-09 2.34E-09 2.91E-09 2.67E-09 2.85E-09 2.73E-09
2 2.05E-09 2.04E-09 2.04E-09 2.07E-09 2.08E-09 2.11E-09 2.18E-09
3 2.15E-09 2.14E-09 2.13E-09 2.19E-09 2.20E-09 2.19E-09 2.19E-09
4 2.10E-09 2.10E-09 2.10E-09 2.13E-09 2.14E-09 2.13E-09 2.14E-09
5 2.89E-08 2.90E-08 2.91E-08 3.08E-08 3.08E-08 3.05E-08 3.08E-08
1997 1998 1999 2 0 0 0 2 0 0 1 2002
1 2.49E-09 2.63E-09 2.51E-09 2.51E-09 2.75E-09 2.44E-09
2 2.03E-09 2.04E-09 2.05E-09 2.08E-09 2.16E-09 2.07E-09
3 2.14E-09 2.15E-09 2.15E-09 2.19E-09 2.28E-09 2.16E-09
4 2.11E-09 2.12E-09 2.12E-09 2.15E-09 2.26E-09 2.14E-09
5 2.90E-08 2.93E-08 2.94E-08 2.98E-08 3.36E-08 2.96E-08
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Unsaturated Hydraulic Conductivity (centimeters per second)
_______________________  Site 22________________________
Year
ayci
1990 1991 1992 1993 1994 1995 1996
1 1.99E-09 2.12E-09 2.28E-09 2.39E-09 2.22E-09 2.37E-09 2.22E-09
2 1.98E-09 L98E-09 1.97E-09 1.98E-09 1.97E-09 1.98E-09 1.99E-09
3 2.15E-09 2.13E-09 2.14E-09 2.14E-09 2.15E-09 2.15E-09 2.15E-09
4 2.03E-09 2.02E-09 2.04E-09 2.02E-09 2.04E-09 2.04E-09 2.04E-09
5 2.86E-08 2.87E-08 2.87E-08 2.87E-08 2.88E-08 2.88E-08 2.89E-08
1997 1998 1999 2000 2001 2002
1 2.40E-09 2.51E-09 2.41E-09 2.41E-09 2.62E-09 2.34E-09
2 1.97E-09 1.99E-09 1.99E-09 2.03E-09 2.11E-09 2.02E-09
3 2.16E-09 2.17E-09 2.17E-09 2.21E-09 2.30E-09 2.18E-09
4 2.03E-09 2.04E-09 2.05E-09 2.08E-09 2.16E-09 2.06E-09
5 2.88E-08 2.90E-08 2.90E-08 2.94E-08 3.33E-08 2.92E-08
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GREEN AND COREY (1971) CALCULATIONS -  BY LAYER FOR SITE 31
o
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Unsaturated Hydraulic Conductivity (centimeters per second)
Site 31
Year
ay Cl
1990 1991 1992 1993 1994 1995 1996
1 3.88E-03 1.46E-07 1.59E-07 1.72E-07 1.38E-07 1.50E-07 1.34E-07
2 5.26E-03 7.24E-03 7.38E-03 7.59E-03 7.66E-03 7.89E-03 8.05E-03
3 9.21E-06 9.19E-06 9.17E-06 9.23E-06 9.22E-06 9.20E-06 9.16E-06
4 1.12E-06 l.llE -0 6 l.lOE-06 l.lOE-06 l.llE -0 6 l.lOE-06 l.lOE-06
5 1.09E-06 1.08E-06 1.08E-06 1.08E-06 1.09E-06 1.08E-06 1.08E-06
Ô 1997 1998 1999 2000 2001 2002
■D
o
1 1.51E-07 1.60E-07 1.44E-07 1.44E-07 1.61E-07 1.36E-07
3 "
CT 2 7.89E-03 8.66E-03 8.61E-03 8.70E-03 9.16E-03 8.47E-03
1—H
CD
Q . 3 9.01E-06 9.16E-06 9.23E-06 9.52E-06 9.97E-06 9.26E-06
g 4 l.lOE-06 l.lOE-06 l.lOE-06 1.13E-06 1.18E-06 l.lOE-06
5
o 5 1.07E-06 1.08E-06 1.08E-06 l.llE -0 6 1.16E-06 1.08E-06
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GREEN AND COREY (1971) CALCULATIONS -  BY LAYER FOR SITE 32
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Unsaturated Hydraulic Conductivity (centimeters per second)
Site 32
Year
ay Cl
1990 1991 1992 1993 1994 1995 1996
1 3.88E-03 3.51E-09 3.92E-09 4.25E-09 3.26E-09 3.56E-09 3.01E-09
2 5.26E-03 7.04E-03 7.09E-03 7.23E-03 7.39E-03 7.04E-03 7.55E-03
3 9.01E-06 8.98E-06 9.01E-06 9.00E-06 9.05E-06 8.97E-06 9.02E-06
4 1.13E-06 1.12E-06 1.12E-06 1.12E-06 1.13E-06 1.12E-06 1.12E-06
5 1.08E-06 1.09E-06 1.09E-06 l.lOE-06 1.09E-06 1.09E-06 1.08E-06
1997 1998 1999 2000 2001 2002
1 3.72E-09 3.94E-09 3.49E-09 3.29E-09 4.00E-09 3.28E-09
2 7.23E-03 7.59E-03 7.85E-03 8.00E-03 8.65E-03 7.96E-03
3 8.88E-06 8.96E-06 8.99E-06 9.13E-06 9.72E-06 9.08E-06
4 l.llE -0 6 1.13E-06 1.13E-06 1.14E-06 1.21E-06 1.13E-06
5 1.07E-06 1.08E-06 1.07E-06 1.09E-06 1.16E-06 1.08E-06
VITA
Graduate College 
University of Nevada, Las Vegas
Jon Woodrow Wilson
Local Address:
231 West Horizon Ridge Parkway, #2112 
Henderson, Nevada 89012
Home Address:
556 Palace Parkway 
Spring Creek, Nevada 89815
Degrees:
Bachelor of Science, Geology, 1997 
Publications:
Preissler, A.M., Roach,G.A., Thomas, K.A., Wilson, J.W., 1998, Water Resources Data 
Nevada Water year 1998, U.S. Geological Survey Water-Data Report NV-98-1 598 p.
Kane, R.L., Wilson, J.W., 1998, Flood of September 1998, U.S. Geological Survey Fact 
Sheet, July 2000
Wilson, J.W., 2000, Potentiometric Surface of the Carbonate Rock Province in Southern 
Nevada, 1998-2000: Nevada Water Resources Association, 2001 - A Water Odyssey, 
Abstracts of Technical Presentations, February 8-9, 2001
Jacobson, E., Wilson, J., O ’Donnell, J., 2001, Well and Spring Water Level Changes in 
Southern Nevada Caused by the Hector Mine Earthquake, 36th Annual Engineering 
Geology and Geotechnical Engineering Symposium, Paper in proceedings, March 28- 
30, p. 713-722
Wilson, J.W., 2001, Potentiometric Surface, Carbonate Rock Province, Southern 
Nevada and Southeastern California, 1998 - 2000, U.S. Geological Survey OFR 01-335, 
15 p.
Jacobson, E., Wilson, J.W., O ’Donnell, J., 2001, Well and Spring Water Level Canges 
in Southern Nevada During the Hector Mine Earthquake, 36th Annual Engineering 
Geology and Geotechnical Engineering Symposium, March 28-30, 2001, University of 
Nevada, Las Vegas.
110
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Wilson, J.W., 2002, Analysis of Water Levels in Southern Carbonate-Rock Province, 
Southeastern Nevada, 1980-2001: Nevada Water Resources Association, 2001 - A 
Water Odyssey, Abstracts of Technical Presentations, February 27-28, 2002
Kreamer, D., Jacobson, E., and Wilson, J.W., 2002, Hydrogeology of Southern Nevada 
and the Ash Meadows National Wildlife Refuge, Geology of the Southern Nevada 
Region, National Association of Geoscience Teachers Far Western Section Spring Field 
Conference, April 5-7, 2002, Las Vegas, Nevada.
Beck, D.A., Wilson, J.W., 2006, Discharge and physical-property measurements from 
Virgin River Narrows, Arizona, to Lake Mead, Nevada, February 12, 2003: U.S. 
Geological Survey Scientific Investigations Report 2005-5286, 10 p.
Thesis Title:
Evaluating Hydraulic Conductivity of Desert Soils at the Amargosa Desert Research 
Site near Beatty, NV
Thesis Examination Committee:
Chairperson, Dr. Zhongbo Yu, Associate Professor of Hydrogeology & Hydrology 
Committee Member, Dr. Wanda J. Taylor, Professor of Geology 
Committee Member, Dr. Michael J. Nicholl, Assistant Professor of Geology 
Graduate Faculty Representative, Dr. Jichun Li, Associate Professor of Mathematical 
Sciences
1 1 1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
